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Quality of food products changes continuously during various stages like transportation and storage, which brings
challenges to the operations management of food supply
chains. This special issue focuses on the quality and operations management issues in food supply chain management.
The articles in this special issue provide important insights
for firms to improve operations process control, reduce waste,
lower cost, meet customers’ expectation, or mitigate food
safety risks. Y. He et al. present a literature review on quality
and operations management problems in food supply chains.
In the review, gaps are identified in this research area along
with suggestions and directions for future research.
Evaluating quality risk levels in food supply chains can
reduce quality information asymmetry, minimize food quality incidents, and promote integrated regulations for food
quality. However, robust and quantitative methods are rarely
reported for assessing the risk level of every link in food
supply chains and evaluating the overall risk. As such, there
is a need to provide effective guidance for the quality risk
evaluation in the whole food supply chain. To address this
problem, L. Bai et al. study the food supply chain using
a quality risk evaluation indicator system. They develop a
mathematical model based upon the fuzzy comprehensive
evaluation model (FCEM) and failure mode, effects, and
criticality analysis (FMECA) so as to evaluate the quality risk
level in the food supply chain. They conduct computational
experiments to verify the effectiveness and feasibility of this
proposed model through a questionnaire survey.
Quality change affects customers’ preferences for food
products. To enhance their profitability, firms usually utilize

behavior-based pricing strategies. Due to the lack of information about food freshness, consumers’ decision-making
highly depends on sales prices and manufacturing and expiry
dates of items. P.-Y. Chen develops an EOQ model assuming
that dealers are able to determine the sales price at each
point of time and predict customers’ intention of buying food
items in varying freshness. As a result, dealers can set an
optimal inventory cycle and allocate a weekly sales price for
each time point to maximize the profit per unit time. This
model allows dealers to discover the optimal sales prices and
to identify the optimal solution for fresh goods retailers to
conduct immediate price control. Since bundling strategy is
an efficient way to reduce storage cost and to meet customer
quality requirements, Y. Fang et al. establish a nonlinear
mixed integer programming model to formulate the bundle
pricing problem for fresh products, where they assume that
two or more fresh products can be sold together in one united
price.
Information asymmetry is prevalent in food supply
chains. On the one hand, it affects pricing or inventory decisions. On the other hand, consumers could not identify the
real quality until purchasing and consuming the experience
goods. In some cases, they may not know the quality or
variety even after consuming the credence goods such as
genetically modified (GM) food. In the context of asymmetric
information and scientific uncertainty, L. Zhao et al. explore
pricing strategies between two firms producing horizontally
and vertically differentiated foods. The type of a firm’s product
is not public information, but its pricing decision may signal
its product type to consumers. Additionally, they consider the
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scientific uncertainty as a risk with a known distribution, the
expected potential net damage, and the volatility of risk. Their
study aims to combine market mechanisms with government
regulations to separate GM food from the conventional food
conforming to consumer’s right to know. J. Wu et al. consider
a food supply chain with two competing manufacturers and
multiple competing unreliable suppliers (i.e., multisourcing).
While the suppliers compete on price, the manufacturers
compete on quantity. They develop a stylized multistage game
theoretic model to examine the impact of key parameters,
including the level of yield uncertainty, two manufacturers’
cost correlation, the correlated coefficient of suppliers’ yield
processes, and the number of suppliers on the manufacturers’
willingness to vertical cost-information sharing. Empirically,
Y. Sun et al. conduct a survey of 450 agricultural product
suppliers and obtain some interesting results by statistically
analyzing the impact of antecedents on fairness perception
and the influence of fairness perception on relationship
quality. They also analyze moderating effect of dependence
on the impact path from fairness perception to relationship
quality (i.e., trust and commitment).
The O2O (Online to Offline) business model has become
more popular with the fast development of Internet and
information technology. This business model has also been
adopted by some food providers. X. Yu and X. Ren study a
dual-selling model with an online food processing factory
and an offline retailer under the impact of food quality
information service. The study provides useful managerial
implications to firms in the industry.
Overall, the above-mentioned studies significantly contribute to both literature and practice, which bridges the
gaps in the research area of food supply chain management.
We hope that readers of this special issue find the selected
contributions interesting. We would be delighted if this
special issue could serve as a strong driving force to push the
future research on food quality and operations management
in food supply chains to a higher level.
Yong He
Dong Li
Sarah J. Wu
Chunming Shi
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The Impact of Food Quality Information Services on Food
Supply Chain Pricing Decisions and Coordination Mechanisms
Based on the O2O E-Commerce Mode
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This paper considers the price conflict problem between the online channel of a food processing factory and the offline channel of the
food retailers in food supply chains by analyzing the pricing decisions and coordination mechanisms between the food processing
factory and food retailers under the influence of a food quality information service. First, the Stackelberg game method and the
Bertrand game method are used to optimize the pricing decisions with the goal of maximizing the profits of the food processing
factory and retailer. The analysis shows that the food quality information service level is positively correlated with the price of the
factory’s own channel, and the influence of the food quality information service level on the price of the food processing factory’s
or the food retailer’s own channel is stronger than its influence on the price of a competitor’s channel. Second, the food supply
chain members’ pricing decisions are analyzed using the case analysis method by considering practical problems in the food supply
chain. The results indicate that the food processing factory should use the Stackelberg game to make pricing decisions. However, it
is optimal for the food retailer to make pricing decisions under the Bertrand game, and the total profit of the food supply chain is
optimized under centralized decision making. Finally, we use both the quantitative discount mechanism and the Stackelberg game
method to analyze the profits obtained by the food processing factory and retailer. The results indicate that the food processing
factory should implement a quantitative discount mechanism when the quantity discount coefficient is greater than 0.4, and the
retailer should implement a quantity discount mechanism when the quantity discount coefficient is in the range of 0.25 to 0.4.

1. Introduction
The O2O mode refers to the combination of an online channel
and an offline channel. A food quality information service is
an important criterion in consumers’ channel selection and
purchase decisions. In this article, a food quality information
service is provided by members of a food supply chain to
provide consumers information about food quality. Zeithaml
[1] reported that such information is delivered to consumers
in different ways, and food quality information services can
be distinguished in terms of having practical significance
or symbolic significance. There is abundant food quality
information that interests consumers, including price, brand,
date of manufacture, appearance, signals of quality and safety,
manufacturer, production environment, storage, and media
promotion. In this article, the online channel that provides

consumers with food quality information is a network platform that provides consumers basic food information, such
as price, brand, production date, and whether the item is
being sold at a discount, while the offline channel provides
consumers food quality information by allowing them to
experience shopping firsthand and personally examine the
freshness of the food, among other visual inputs.
A food supply chain is a network structure formed by
upstream and downstream enterprises, and it includes the
food production and circulation processes involved in the
products or services provided to consumers. Nianyugou
Wangu Processing Co., Ltd., is located in Zhaoyuan farms,
Daqing city, province of Heilongjiang, China. It is a food
processing factory that uses a JD e-commerce platform in
its Nianyugou flagship store (online channel) to sell products; at the same time, it also uses offline physical stores
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(offline channel) to sell products. Its success stems from its
business philosophy, which involves the provision of services
to retailers and consumers through its online and offline
channels. The company aggregates consumer information
obtained from food retailers and strives to respond to changes
in consumer demand.
The research for this article is based on the food processing factory and a food retailer that provide food to consumers
through online and offline channels, respectively. However,
there are many problems in the food supply chain. On the one
hand, the food quality information service level affects consumers’ channel selection decision, and food retailers have a
significant information advantage over the food processing
factory in terms of food quality information. On the other
hand, the food processing factory has a price advantage over
the food retailers, resulting in price competition in the food
supply chain. Therefore, this problem needs to be resolved to
set reasonable sales prices and optimize and coordinate the
profits in the food supply chain.
In recent years, food supply chains have experienced
substantial changes [2]. Information is transmitted in a food
supply chain to check the quality of the food, for example,
by tracing the food upward or tracking it downward in the
supply chain [3]. Moreover, the concepts of food quality
information services and food safety are often viewed as two
sides of the same coin [4]. Food safety has become very
important for food quality information services [5, 6]. However, some authors have stated that traceability has not been
implemented in systems to improve the food quality information [7]. Because of a decrease in liability claims, responsibilities along the supply chain can be precisely identified [3, 8].
Recent studies have focused on the quality, safety, and
sustainability of food [9]. From a new perspective, sustainability in the food supply chain has been discussed [10–13].
Third-party certifications have facilitated patrons’ evaluations
of food and service quality [14]. However, the current practice
of evaluating food contact surface cleanliness by sight and
touch to meet regulatory requirements might be inadequate
(Cunningham et al. 2017). In the food industry, food quality
information is affected by food processing and logistics activities, such as transportation and packaging (Riccardo et al.
2017). Food quality depends on intrinsic and extrinsic factors,
such as the storage temperature, concentration of oxygen, and
relative humidity [15, 16].
The factors affecting food quality information services—
customer service level and satisfaction, safety, sustainability,
and cost-efficiency—are the primary targets of an effective
food supply chain [17]. Food quality is significantly affected
by the use of a standard (or nonstandard) container. The
quality and taste of food products depend on both the food
processing procedure and logistics, including transportation
and packaging processes [18, 19]. The impacts of certain
attributes of food service quality on consumers have been
evaluated. Overall, consumers perceive that service quality
attributes are more important than food quality attributes.
[20]. In the food service industry, food processing factories
receive food from manufacturing plants [21, 22].
Food service quality attributes, such as the wait time
and the server’s attentiveness and helpfulness, account for
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31.8% of customers’ satisfaction. Richard et al. investigated the
importance of service quality in customers’ selection of food
products [23]. Many researchers have studied customers’
satisfaction with restaurants’ food services (Folinas et al.
2016). Awareness of and attitudes toward traceability in the
food supply chain were examined within British small and
medium-sized enterprises (SMEs) [24]. Because of the
unique aspects of a hospital environment, consumers require
higher food quality information when in a hospital [25]. In
addition, reliable suppliers are chosen based on raw material
specifications and supplier audits, thereby reducing the likelihood of contaminated products entering the market [21, 26].
However, testing must occur to verify that risk mitigation
measures are working as expected. Therefore, a sampling plan
must be designed [27, 28].
In summary, the literature related to this research has
primarily focused on the impact of factors such as food quality, food safety, and food quality information on consumers’
evaluations. However, with the development of e-commerce,
food processing factories are providing consumers services
through online channels, and food retailers are providing
consumers services through offline channels, resulting in the
online-to-offline (O2O) mode. The emergence of the O2O
mode has brought the online and offline channels into competition. Therefore, the rational formulation of pricing decisions and coordination among the members of a food supply
chain have become urgent problems. Based on the characteristics of a food supply chain, this paper considers a situation
in which the online channel of a food processing factory
cooperates with the offline channel of a food retailer to
provide food quality information services.
Secondary food supply chains are based on the O2O
mode. First, according to the demand function, this paper
introduces the food quality information service level into the
demand function, and based on transaction cost theory, the
total profit function of the food processing factory, food
retailer, and food supply chain is established. Second, we
discuss the food supply chain’s pricing decision under centralized decision making and decentralized decision making,
and we obtain the optimal prices for the online and offline
channels and the optimal profits for the food processing
factory and food retailer. Then, we discuss the relationship
between the food quality information service level and prices
and profits. With the goal of optimizing the profitability of
the food supply chain, we can establish a mechanism to
coordinate a food supply chain quantitative discount and
ensure a profitable relationship for the food processing factory and the retailer. Finally, the validity of the theoretical
assumptions is verified using numerical simulations, and the
coordination efficiency of the food supply chain is evaluated.

2. Materials and Methods
2.1. Model Description. Based on the supply chain management business philosophy of Nianyugou Wangu Processing
Co., Ltd., this paper considers a situation in which the food
processing factory is part of the food quality information
services that a food retailer must review, and the food retailer

Journal of Food Quality

3

Food processing factory

Food retailer

Network platform

Offline

Online

Background: Nianyugou Wangu Processing Co., Ltd.

Purpose: to solve the problem of the price conflict and to
increase the coordination between the food processing
factory and food retailers in the food supply chain.

Demand function

Profit function

Customer

Figure 1: The structure of the food supply chain under the O2O
mode.

receives the appropriate compensation, which is that the food
processing factory cooperates with the food retailer in providing food quality information.
The food supply chain under the O2O mode consists of
the online channel of the food processing factory and the
offline channel of the food retailer. In a food supply chain
dominated by a food processing factory, the food processing
factory provides the food retailer with food at wholesale
prices. Although the food processing factory sells its products
through the food retailer’s offline channel, it also sells food
directly through an online channel, resulting in price conflicts
between the two channels, as shown in Figure 1.

The price and profit of the food processing factory, the
retailer, and the food supply chain are optimized under
centralized and decentralized decision making.

We establish a food supply chain quantitative discount
coordination mechanism.

Using Matlab software for a numerical simulation,
we validate and optimize the coordination
parameters of the quantity discount mechanism.

Discussion and conclusion

Figure 2: The roadmap of this paper.

2.2. Framework of the Research Methodology. To solve the
problem of the price conflict and to increase the coordination
between the food processing factory and food retailers in
the food supply chain, this article relies on game theory and
establishes a Stackelberg game model and a Bertrand game
model to determine the optimal price and profit of the two
channels given the constraints. Matlab software is used to
visualize the relationship between the variables.
As shown in Figure 2, first, this paper incorporates
the food quality information service level into the demand
function, and based on transaction cost theory, the total profit
function of the food processing factory, the food retailer,
and the food supply chain is established. Second, using the
methods of the Stackelberg game and the Bertrand game,
this paper analyzes the influence of food quality information services on price under centralized and decentralized
decision making, respectively. Further, we obtain the optimal
pricing decision for the food processing factory, food retailer,
and food supply chain. Then, with the goal of optimizing
the profitability of the food supply chain, we establish a food
supply chain quantitative discount coordination mechanism.
Finally, using Matlab software for a numerical simulation, we
validate and optimize the relationship between the variables
involved in the food supply chain.
Why did we choose these two models? When we conducted a survey among employees of Nianyugou Wangu

Processing Co., Ltd., we found that the game relationship
between the subjects involved in the food supply chain when
making pricing decisions could be accurately reflected by the
Bertrand and Stackelberg game models.
2.2.1. Exogenous Parameters
𝑎𝑖 : The market size
𝑐: The unit cost of the product
𝑤: The wholesale price provided by the food processing factory to the food retailer
𝛼1 : The market demand for the price level of the
elasticity coefficient
𝛼2 : The market demand for the food quality information service level of the elasticity coefficient
𝛽1 : The market demand for the price level difference
in the transfer coefficient
𝛽2 : The market demand for the food quality information service level difference of the transfer coefficient.
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2.2.2. Decision Variables
𝑝𝑖 : The sales price
𝑠𝑖 : The food quality information service level, where
(𝑠𝑖 ≥ 0) indicates the food quality information service
level (𝑖 = 1, the online channel; 𝑖 = 2, the offline
channel) and 𝑠𝑖 = 0, which means that food quality
information services are not considered. The larger
the value of 𝑠𝑖 is, the higher the level of the food quality
information service is, where (0 < 𝑠𝑖 ≤ 5) indicates a
lower food quality information service level, (6 < 𝑠𝑖 <
15) indicates a moderate food quality information
service level, and (𝑠𝑖 ≥ 15) indicates a high food
quality information service level
𝜂𝑖 : The service cost coefficient of the food quality
information
𝐷𝑖 : The demand
(𝑖 = 1, the online channel; 𝑖 = 2, the offline channel)
𝑗

Π𝑖 : The profit
where (𝑗 = 1, under the Bertrand game;𝑗 = 2 under
the Stackelberg game; 𝑗 = 3, under the centralized
decision) (𝑖 = 1, for the food processing factory; 𝑖 = 2,
for the food retailer, and 𝑖 = 3, for the food supply
chain).
2.2.3. Contract Terms under Negotiation
𝑘: The quantity discount coefficient.
2.3. Model Construction
Assumption 1. The wholesale price is determined by the
market price.
Assumption 2. The impact of channel prices on demand is
greater than the effect of price differences between the two
channels. The impact of the level of a channel’s food quality
information service on demand is greater than the impact of
the difference in the level of the food quality information
service between the two channels.
Assumption 3. Assuming that the food quality information
service level is certain, the food retailers’ food quality information service costs are lower than the food processing
factory’s costs; that is, 𝜂2 < 𝜂1 .
Assumption 4. The food processing factory provides consumers with food quality information services through the
online channel of its own network platform, while the food
retailer provides consumers with food quality information
services through the offline channel.
Referring to the demand function constructed by Yao et
al. [29, 30], introducing the factors of the food quality
information service on demand, the linear demand function
for both the online channel of the food processing factory and

the offline channel of the food retailer can be expressed as
follows:
𝐷1 = 𝑎1 − 𝛼1 𝑝1 + 𝛼2 𝑠1 + 𝛽1 (𝑝2 − 𝑝1 ) + 𝛽2 (𝑠1 − 𝑠2 )
𝐷2 = 𝑎2 − 𝛼1 𝑝2 + 𝛼2 𝑠2 + 𝛽1 (𝑝1 − 𝑝2 ) + 𝛽2 (𝑠2 − 𝑠1 ) .

(1)

Referring to the model by Chen [31], we establish a function
of the food quality information service cost as follows:
𝑐 (𝑠) =

𝜂𝑠2
.
2

(2)

The profit function of the food processing factory, the
food retailer, and the total food supply chain can be expressed
as follows:
Π1 = (𝑝1 − 𝑐 − 𝑐 (𝑠1 )) 𝐷1 + (𝑤 − 𝑐) 𝐷2

(3)

Π2 = (𝑝2 − 𝑤 − 𝑐 (𝑠2 )) 𝐷2 + (𝑐 (𝑠1 ) − 𝑐∗ (𝑠1 )) 𝐷1

(4)

Π3 = Π1 + Π2 ,

(5)

where the cost of the food quality information service of the
food processing factory, that of the food retailer, and that of
the food quality information service paid for by the food
processing factory are 𝑐(𝑠1 ) = 𝜂1 𝑠12 /2, 𝑐(𝑠2 ) = 𝜂2 𝑠22 /2, and
𝑐∗ (𝑠1 ) = 𝜂2 𝑠12 /2, respectively.
2.4. Bertrand Game Pricing Decisions in the Food Supply
Chain. The Bertrand game model conditions apply. First,
there is competition between enterprises, and at the same
time, the enterprises make pricing decisions. In the market,
no other enterprises have entered the competition. The
Bertrand game occurs without the enterprises knowing the
decision behaviors of the other players, and all of the parties
set their own prices to maximize profits.
The food processing factory and the retailer are of similar
strength, and the parties use the decentralized decision
making of the Bertrand game to maximize their own profits as
the goal. The approach to solving the model is consistent
with the literature [32]. The order of the Bertrand game is
as follows: in the first stage, the food processing factory, to
maximize its own profit, sets the online channel price; in the
second stage, the food retailer, given the unknown online
channel price, sets the offline channel sales price to maximize
its own profit.
Referring to (3)–(5), we can construct the objective
function as follows:
max Π1 (𝑝1 , 𝑝2 ) = (𝑝1 − 𝑐 − 𝑐 (𝑠1 )) 𝐷1 + (𝑤 − 𝑐) 𝐷2
max Π2 (𝑝1 , 𝑝2 ) = (𝑝2 − 𝑤 − 𝑐 (𝑠2 )) 𝐷2

(6)

+ (𝑐 (𝑠1 ) − 𝑐∗ (𝑠1 )) 𝐷2 .
Proposition 5. Under decentralized decision making in the
food supply chain, one can solve the optimal food sales prices
in the online channel and the offline channel according to the
Bertrand game method. Thus, the optimal food sales prices in
the online channel and the offline channel are as follows in (9):
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𝐶5 = 2𝛽1 𝑎2 + 4𝛽1 𝑎1 + 4𝑎1 𝛼1 + 4𝛼12 𝑐 + 4𝛼1 𝛽1 𝑐

Let
𝜕Π1
= 𝑎1 + 𝛼2 𝑠1 − (𝑐 − 𝑤 − 𝑝2 ) 𝛽1 + (𝑠1 − 𝑠2 ) 𝛽2
𝜕𝑝1
𝜂 𝑠2
+ (𝛼1 + 𝛽1 ) ( 1 1 + 𝑐 − 2𝑝1 ) = 0.
2

+ 6𝛼1 𝛽1 𝑤 + 6𝛽12 𝑤
𝐷1 = 3𝛼1 𝛽1 𝜂1 − 2𝛼1 𝛽1 𝜂2 + 3𝛽12 𝜂1 − 2𝛽12 𝜂2

(7)

𝐷2 = −4𝛼1 𝛽22 + 2𝛼2 𝛽1 − 2𝛽1 𝛽2
𝐷3 = 2𝛼12 𝜂2 + 4𝛼1 𝛽1 𝜂2 + 2𝛽12 𝜂2

Let
𝜂 𝑠2 𝜂 𝑠2
𝜕Π2
= 𝑎2 + 𝛼2 𝑠2 + 𝛽1 (𝑝1 + 1 1 − 2 1 )
𝜕𝑝2
2
2
− 𝛽2 (𝑠1 − 𝑠2 ) + (𝛼1 + 𝛽1 ) (

𝜂2 𝑠22
2

𝐷4 = 4𝛼1 𝛽2 + 4𝛼1 𝛼2 + 4𝛽1 𝛼2 + 2𝛽1 𝛽2

− 2𝑝2 + 𝑤)

𝐷5 = 2𝛽1 𝑎1 + 4𝛼1 𝑎2 + 4𝛽1 𝑎2 + 4𝑤𝛼12 + 2𝑐𝛼1 𝛽1

(8)

+ 6𝑤𝛽12 + 8𝑤𝛼1 𝛽1 .
(10)

= 0.

Furthermore, substituting (9) into (3)–(5), we derive the
food processing factory’s optimal profit, and the retailer’s and
total food supply chain’s profits under the Bertrand game are as
follows:

We can obtain
𝑝11 =
𝑝21

𝐶1 𝑠12 + 𝐶2 𝑠1 + 𝐶3 𝑠22 + 𝐶4 𝑠2 + 𝐶5
2 (4𝛼12 + 3𝛽12 + 8𝛼1 𝛽1 )

(9)

𝐷 𝑠2 + 𝐷2 𝑠1 + 𝐷3 𝑠22 + 𝐷4 𝑠2 + 𝐷5
= 1 1
,
2 (4𝛼12 + 3𝛽12 + 8𝛼1 𝛽1 )

Π11 = (𝑝11 − 𝑐 −

where
𝐶1 =

2𝛼12 𝜂1

+

3𝛽12 𝜂1

+ 4𝛼1 𝛽1 𝜂1 −

Π12 = (𝑝12 − 𝑤 −

𝛽12 𝜂2

𝜂1 𝑠12
) 𝐷11 + (𝑤 − 𝑐) 𝐷21
2
𝜂2 𝑠22
𝜂 𝑠2 𝜂 𝑠2
) 𝐷21 + ( 1 1 − 2 1 ) 𝐷11
2
2
2

Π13 = (𝑝11 − 𝑐 − 𝑐∗ (𝑠1 )) 𝐷11 + (𝑝21 − 𝑐 − 𝑐 (𝑠2 )) 𝐷21 .

𝐶2 = 4𝛼1 𝛼2 + 4𝛽2 𝛼1 + 4𝛽1 𝛼2 + 2𝛽1 𝛽2
𝐶3 = 𝛼1 𝛽1 𝜂2 + 𝛽12 𝜂2

2
2
2
𝜕𝑝11 (8𝛼1 𝛽1 + 4𝛼1 + 6𝛽1 ) 𝑠1 𝜂1 + 2𝛽1 𝛽2 − 2𝛽1 𝑠1 𝜂2 + 4𝛼1 𝛼2 + 4𝛼1 𝛽2 + 4𝛼2 𝛽1
=
>0
𝜕𝑠1
6𝛽12 + 8𝛼12 + 16𝛼1 𝛽1

𝜕𝑠2

=

(12)
(13)

Inference 6. In the food supply chain under the O2O mode,
the price is positively correlated with the food quality information service level of the channel.

𝐶4 = 2𝛼2 𝛽1 − 4𝛼1 𝛽2 − 2𝛽1 𝛽2

𝜕𝑝21

(11)

(4𝛼12 + 4𝛽12 ) 𝑠1 𝜂1 + 2𝛽1 𝛽2 + 8𝛼1 𝛽1 𝜂1 𝑠2 + 4𝛼1 𝛼2 + 4𝛼1 𝛽2 + 4𝛼2 𝛽1
6𝛽12 + 8𝛼12 + 16𝛼1 𝛽1

Inference 7. In the food supply chain under the O2O mode,
the food quality information service level at one channel’s
price is greater than that of another channel.
𝜕𝑃11 𝜕𝑃21 (𝛽1 𝜂2 + 𝛼1 𝜂1 ) 𝑠1 + 𝛼2 + 2𝛽2
−
=
>0
𝜕𝑠1
𝜕𝑠1
2𝛼1 + 3𝛽1
𝜕𝑃11 𝜕𝑃21 − (𝛽1 𝜂2 + 𝛼1 𝜂1 ) 𝑠1 − 𝛼2 − 2𝛽2
−
=
< 0.
𝜕𝑠2
𝜕𝑠2
2𝛼1 + 3𝛽1

(15)

From the above theoretical derivation, we conclude by
theoretical analysis that, in the food supply chain under the
Bertrand game, the price is positively correlated with the food

(14)

> 0.

quality information service level of the food processing factory’s or the food retailer’s own channel. When the food quality information service level provided by the food retailer is
certain, the price in the online channel is higher than that in
the offline channel when the food quality information service
level is provided by the food processing factory. In contrast,
when the food quality information service level provided by
the food processing factory is certain, the price in the offline
channel is higher than that in the online channel when the
food quality information service level is provided by the food
retailer. The specific conclusions are verified by the following
numerical simulation.
2.5. Stackelberg Game Pricing Decisions in the Food Supply
Chain. In the Stackelberg game model for a leader and a
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follower, the food supply chain in the O2O mode is shown in
Figure 1; dominated by the food processing factory, the parties adopt the Stackelberg game under decentralized decision
making, and both parties’ goal is to maximize their own
profits. The Stackelberg game has a reverse order solution.
We analyzed the Stackelberg game dominated by the food
processing factory. In the first stage, the food processing factory determines the wholesale price to maximize its profits. In
the second stage, the food retailer, based the wholesale price
determined by the food processing factory’s pricing decision,
formulates the offline channel price to maximize its own
profits.
Referring to (3)–(5), we can construct the objective
function as follows:

𝐹 𝑠2 + 𝐹 𝑠 + 𝐹3 𝑠22 + 𝐹4 𝑠2 + 𝐹5 + 𝐹6
𝑝22 = 1 1 22 1
8 (2𝛼1 + 4𝛼1 𝛽1 + 𝛽12 ) (𝛼1 + 𝛽1 )

+ 4𝑤𝛼1 𝛽1 + 4𝛽12 𝑤
𝐹1 = 2𝛽12 𝛼1 𝜂1 − 8𝛽12 𝛼1 𝜂2 + 6𝛼12 𝛽1 𝜂1 − 4𝛼12 𝛽1 𝜂2
+ 4𝛽13 𝜂1 − 3𝛽13 𝜂2
𝐹2 = 4𝛼2 𝛽12 − 12𝛼1 𝛽1 𝛽2 − 2𝛽12 𝛽2 − 8𝛼12 𝛽2 + 4𝛽1 𝛼1 𝛼2
𝐹3 = 12𝛼12 𝛽1 𝜂2 + 3𝛽13 𝜂2 + 4𝛼13 𝜂2 + 11𝛼1 𝛽12 𝜂2

+ 8𝛼12 𝛽2
𝐹5 = 24𝛼12 𝛽1 𝑤 + 6𝑐𝛼1 𝛽12 + 16𝛼1 𝛽1 𝑎2 + 24𝑤𝛼1 𝛽12

Proposition 8. The food supply chain is shown in Figure 1.
According to the Stackelberg method, the optimal food sales
prices in the online and the offline channels are
𝐸1 𝑠12 + 𝐸2 𝑠1 + 𝐸3 𝑠22 + 𝐸4 𝑠2 + 𝐸5
4 (2𝛼12 + 4𝛼1 𝛽1 + 𝛽12 )

𝐸5 = 4𝛼1 𝑎1 + 4𝛽1 𝑎1 + 4𝛼12 𝑐 + 6𝑐𝛼1 𝛽1 + 2𝛽1 𝑎2

(16)

max Π1 (𝑝1 , 𝑝2 ) = (𝑝1 − 𝑐 − 𝑐 (𝑠1 )) 𝐷1 + (𝑤 − 𝑐) 𝐷2 .

𝑝12 =

𝐸4 = 2𝛼2 𝛽1 − 4𝛼1 𝛽2 − 2𝛽1 𝛽2

𝐹4 = 2𝛽12 𝛽2 + 8𝛼12 𝛼2 + 16𝛼1 𝛼2 𝛽1 + 6𝛽12 𝛼2 + 12𝛼1 𝛽1 𝛽2

max Π2 (𝑝1 , 𝑝2 ) = (𝑝2 − 𝑤 − 𝑐 (𝑠2 )) 𝐷2
+ (𝑐 (𝑠1 ) − 𝑐∗ (𝑠1 )) 𝐷1

𝐸3 = 𝛼1 𝛽1 𝜂2 + 𝛽12 𝜂2

+ 8𝑤𝛽13
𝐹6 = 4𝑐𝛼12 𝛽1 + 8𝑤𝛼13 + 8𝑎2 𝛼12 + 4𝛼1 𝛽1 𝑎1 + 8𝛽12 𝑎1
+ 6𝛽12 𝑎2 .
(19)

(17)

(18)

𝐸1 = 2𝛼12 𝜂1 + 2𝛽12 𝜂1 + 4𝛼1 𝛽1 𝜂1 − 𝛽12 𝜂2
𝐸2 = 4𝛼1 𝛼2 + 4𝛽2 𝛼1 + 4𝛽1 𝛼2 + 2𝛽1 𝛽2

The reverse induction method is used to solve the model.
Based on the sales price in the online channel, the food
retailer determines the price in the offline channel to maximize its own profit. Based on the price in the offline channel,
the food processing factory sets the price in the online
channel to maximize its own profit.
Let

𝜂 𝑠2 𝜂 𝑠2
𝜂 𝑠2
𝜕Π2
= 𝑎2 + 𝛼2 𝑠2 + 𝛽1 (𝑝1 + 1 1 − 2 1 ) − 𝛽2 (𝑠1 − 𝑠2 ) + (𝛼1 + 𝛽1 ) ( 2 2 − 2𝑝2 + 𝑤) = 0
𝜕𝑝2
2
2
2
𝑝2𝑆 =

𝑎2 + 𝛽1 𝑃1 + 𝛼2 𝑠2 − 𝛽2 (𝑠1 − 𝑠2 ) + 𝛽1 ((𝜂1 𝑠22 /2) − (𝜂2 𝑠22 /2)) + (𝛼1 + 𝛽1 ) ((𝜂2 𝑠22 /2) + 𝑤)
2𝛼1 + 2𝛽1

Substituting (21) into (3) and substituting the response into
the derivative of its profit on the price,
3𝛼 − 𝛽1
𝜕Π1
= 𝑎1 + 1
𝑝1 + 𝛼2 𝑠1
𝜕𝑝1
2
𝛽 (2𝛼1 + 𝛽1 )
+ 2
(𝑠1 − 𝑠2 )
2 (𝛼1 + 𝛽1 )
+
+

𝛼1 (𝛼1 + 2𝛽1 ) 𝜂1 𝑠12
𝛽 𝑠2 𝜂
(
+ 𝑐) + 1 2 2
2
4
2 (𝛼1 + 𝛽1 )
𝛽1 𝑎2 + 𝛽1 𝛼2 𝑠2 + 𝛽12 ((𝜂1 𝑠12 /2) − (𝜂2 𝑠12 /2))

+ 𝛽1 𝑤 −

𝛽1 𝑐
= 0.
2

2 (𝛼1 + 𝛽1 )

(22)

(20)
.

(21)

Furthermore, we derive the food processing factory’s optimal
price.
The Stackelberg game method is used to solve the optimal
food sales price in the online and offline channels. According
to the demand function, we obtain the demand and the
optimal wholesale price.

𝑤2 =

𝐽1 𝑠12 + 𝐽2 𝑠1 + 𝐽3 𝑠22 + 𝐽4 𝑠2 + 𝐽5
4 (𝛼13 + 12𝛼12 𝛽1 + 8𝛼1 𝛽12 )

𝐽1 = 2𝛼1 𝛽12 𝜂2 − 2𝛼1 𝛽12 𝜂1 − 2𝛼12 𝛽1 𝜂1 + 𝛼12 𝛽1 𝜂2
𝐽2 = 2𝛼1 𝛼2 𝛽1 + 2𝛼2 𝛽12 − 2𝛼1 𝛽1 𝛽2 − 2𝛼12 𝛽2

(23)
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𝐽3 = −𝛼13 𝜂2 − 2𝛼1 𝛽12 𝜂2 − 3𝛼12 𝛽12 𝜂2
𝐽4 =

2𝛽12 𝛽2

𝐽5 =

2𝛼12 𝑎1

+

2𝛼2 𝛽12

+

+

2𝛼13 𝑐

2𝛽12 𝑎1

+

2𝛽12 𝛽2
+

Π21 = (𝑝12 − 𝑐 −

+ 4𝛼1 𝛼2 𝛽1 + 2𝛼1 𝛽1 𝛽2
2𝛽12 𝑎2

+

𝜂1 𝑠12
) 𝐷12 + (𝑤12 − 𝑐) 𝐷22
2
𝜂2 𝑠22
𝜂 𝑠2 𝜂 𝑠2
) 𝐷22 + ( 1 1 − 2 1 ) 𝐷12
2
2
2

(26)

Π23 = (𝑝12 − 𝑐 − 𝑐∗ (𝑠1 )) 𝐷12 + (𝑝22 − 𝑐 − 𝑐 (𝑠2 )) 𝐷22 .

(27)

Π22 = (𝑝22 − 𝑤22 −

4𝛼1 𝛽12 𝑐

+ 6𝛼12 𝛽1 𝑐 + 2𝛼1 𝛽1 𝑎 + 4𝛼1 𝛽1 𝑎2 .
(24)
Furthermore, we derive the optimal profit of the food
processing factory, food retailer, and food supply chain under
the Stackelberg game as follows:

(25)

Inference 9. According to the food supply chain under the
O2O mode, the price is positively correlated with the food
quality information service level of the food processing
factory’s or the food retailer’s channel.

2
2
2
𝜕𝑃12 (8𝛼1 𝛽1 𝜂1 + 4𝛽1 𝜂1 + 4𝛼1 𝜂1 − 2𝛽1 𝜂2 ) 𝑠1 + 4𝛼1 𝛼2 + 4𝛼2 𝛽1 + 4𝛼1 𝛽2 + 2𝛽1 𝛽2
=
>0
𝜕𝑠1
2 (𝛼12 + 4𝛼1 𝛽1 + 𝛽12 )
2
2
3
3
2
2
2
2
𝜕𝑃22 (24𝛼1 𝛽1 + 22𝛼1 𝛽1 + 6𝛽1 + 8𝛼1 ) 𝜂2 𝑠2 + 8𝛼1 𝛼2 + 8𝛼1 𝛽2 + 16𝛽1 𝛼1 𝛼2 + 12𝛼1 𝛽1 𝛽2 + 6𝛼2 𝛽1 + 2𝛽1 𝛽2
=
> 0.
𝜕𝑠2
2 (𝛼12 + 4𝛼1 𝛽1 + 𝛽12 )

(28)

Inference 10. According to the food supply chain under the
O2O mode, the food quality information service level at one
channel’s price is greater than that of another channel.
𝜕𝑃12 𝜕𝑃22
−
𝜕𝑠1
𝜕𝑠1
=

(6𝛼1 𝛽12 𝜂2 + 6𝛼12 𝛽1 𝜂1 + 4𝛼12 𝛽1 𝜂2 + 𝜂2 𝛽13 + 4𝛼13 𝜂1 ) 𝑠1 + (8𝛽2 + 4𝛼2 ) 𝛼12 + (12𝛽2 + 6𝛼2 ) 𝛽1 𝛼1 + 3𝛽2 𝛽12 + 2𝛽12 𝛼2
2𝛼1 + 3𝛽1

>0

(29)

2
2
3
3
2
2
2
𝜕𝑃12 𝜕𝑃22 (−10𝛼1 𝛽1 + 7𝛼1 𝛽1 + 𝛽1 + 4𝛼1 ) 𝜂2 𝑠1 − (4𝛼2 + 8𝛽2 ) 𝛼1 − (6𝛼1 + 12𝛽2 ) 𝛽1 𝛼1 − 3𝛽2 𝛽1 − 𝛽1 𝛼2
−
=
< 0.
𝜕𝑠2
𝜕𝑠2
2𝛼1 + 3𝛽1

We conclude through theoretical analysis that in the food
supply chain under the Stackelberg game, the price is positively correlated with the food quality information service
level of the food processing factory’s or the food retailer’s
own channel. Therefore, the food processing factory and food
retailer should reasonably optimize the network layout of the
offline channel and continuously improve the food quality
information service level, which involves optimizing the
functions of different types of offline channels and improving
the control level of the food quality information.
2.6. Centralized Pricing Decisions in the Food Supply Chain.
The food supply chain under centralized pricing decisions
(that is, the food processing factory and the retailer) aims to
maximize the total supply of the food supply chain.
Referring to (3)–(5), we can construct the objective
function as follows:
max Π𝑃1 = (𝑝1 − 𝑐 − 𝑐∗ (𝑠1 )) 𝐷1
+ (𝑝2 − 𝑐 − 𝑐 (𝑠2 )) 𝐷2

max Π𝑃2 = (𝑝1 − 𝑐 − 𝑐∗ (𝑠1 )) 𝐷1
+ (𝑝2 − 𝑐 − 𝑐 (𝑠2 )) 𝐷2 .
(30)
Let
2

𝜂𝑠
𝜕Π
= 𝑎1 − 𝛽1 ( 2 2 − 2𝑝2 ) + 𝛼2 𝑠1 + 𝛽2 (𝑠1 − 𝑠2 )
𝜕𝑝1
2
+ 𝛼1 𝑐 + (𝛼1 + 𝛽1 ) (

𝜂2 𝑠22
− 2𝑝2 ) = 0
2
(31)

2

𝜂𝑠
𝜕Π
= 𝑎2 − 𝛽1 ( 2 2 − 2𝑝1 ) + 𝛼2 𝑠1 + 𝛽2 (𝑠1 − 𝑠2 )
𝜕𝑝2
2
+ 𝛼1 𝑐 + (𝛼1 + 𝛽1 ) (

𝜂2 𝑠22
− 2𝑝2 ) = 0.
2
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−2𝑏 −2𝛽

2𝛽

2
1
1
1
𝐻 = [ 2𝛽
−2𝑏1 −2𝛽1 ], as of |𝐻| = 4𝛼1 + 8𝛼1 𝛽1 > 0,
1
and the first-order master −2𝑏1 − 2𝛽1 < 0, so the total profit
function of the food supply chain is the concave function for
𝑝1 and 𝑝2 . Joining the above first-order partial derivatives and
solving the equation, we obtain the optimal price in the online
and offline channels under centralized decision making.

𝑝13 =

(𝛼1 + 2𝛽1 ) 𝛼1 𝛽2 𝑠12 + 2 (𝛼1 𝛼2 + 𝛼1 𝛽2 + 𝛼2 𝛽1 ) 𝑠1 + 2 (𝛼2 𝛽1 − 𝛼1 𝛽2 ) 𝑠2 + 𝐺1
4𝛼12 + 8𝛼1 𝛽1

(32)

𝑝23 =

(𝛼1 + 2𝛽1 ) 𝛼1 𝛽2 𝑠22 + 2 (𝛼1 𝛼2 + 𝛼1 𝛽2 + 𝛼2 𝛽1 ) 𝑠2 + 2 (𝛼2 𝛽1 − 𝛼1 𝛽2 ) 𝑠1 + 𝐺2
,
4𝛼12 + 8𝛼1 𝛽1

(33)

where
𝐺1 = 2 (𝛼1 + 𝛽1 ) 𝑎1 + 2𝛽1 𝑎2 + 2 (𝛼1 + 2𝛽1 ) 𝛼1 𝑐
𝐺2 = 2 (𝛼1 + 𝛽1 ) 𝑎2 + 2𝛽1 𝑎1 + 2 (𝛼1 + 2𝛽1 ) 𝛼1 𝑐.

(34)

Furthermore, we derive the optimal profits of the food
processing factory, retailer, and the total food supply chain
under centralized decision making:
Π31 = (𝑝13 − 𝑐 −
Π32 = (𝑝23 − 𝑤 −

Proposition 11. Under centralized decision making in the food
supply chain, the food supply chain’s profit can be maximized. In
this case, the pricing decision is the global optimum. Thus, the
optimal food sales price in the online channel and offline
channel are

𝜂1 𝑠12
) 𝐷13 + (𝑤 − 𝑐) 𝐷23
2
𝜂2 𝑠22
𝜂 𝑠2 𝜂 𝑠2
) 𝐷23 + ( 1 1 − 2 1 ) 𝐷13
2
2
2

Π33 = (𝑝13 − 𝑐 − 𝑐∗ (𝑠1 )) 𝐷13 + (𝑝23 − 𝑐 − 𝑐 (𝑠2 )) 𝐷23 .

(35)

(36)
(37)

Inference 12. Based on the food supply chain under the O2O
mode, the price is positively correlated with the food quality
information service level of the food processing factory’s or
the food retailer’s channel.
𝜕𝑃13 (𝛼1 + 2𝛽1 ) 𝛼1 𝜂2 + 𝛼1 𝛼2 + 𝛼1 𝛽2 + 𝛼2 𝛽1
=
>0
𝜕𝑠1
2𝛼1 (𝛼1 + 2𝛽1 )
𝜕𝑃23 (𝛼1 + 2𝛽1 ) 𝛼1 𝜂2 + 𝛼1 𝛼2 + 𝛼1 𝛽2 + 𝛼2 𝛽1
=
> 0.
𝜕𝑠2
2𝛼1 (𝛼1 + 2𝛽1 )

(38)

Inference 13. With the food supply chain under the O2O
mode, the food quality information service level at the food
processing factory’s or the food retailer’s own channel price is
greater than that of another channel.
𝜕𝑃13 𝜕𝑃23 (𝛽1 𝜂2 + 𝛼1 𝜂1 ) 𝑠1 + 𝛼2 + 2𝛽2
−
=
>0
𝜕𝑠1
𝜕𝑠1
2𝛼1 + 3𝛽1
𝜕𝑃13 𝜕𝑃23 − (𝛽1 𝜂2 + 𝛼1 𝜂1 ) 𝑠1 − 𝛼2 − 2𝛽2
−
=
< 0.
𝜕𝑠2
𝜕𝑠2
2𝛼1 + 3𝛽1

(39)

We conclude through theoretical analysis that in the food
supply chain under centralized decision making, the price
is positively correlated with the food quality information

service level of the food processing factory’s or the food
retailer’s own channel.
The conclusions can be summarized as follows. Under
centralized and decentralized decision making, the online
channel price of the food processing factory is positively
correlated with the food quality information service level of
its own channel, and the same is true for the food retailer. The
results show that as the food processing factory improves the
level of its food quality information service, the costs of that
service will increase. Thus, the food processing factory will
need to increase the sales price to compensate for the service
cost, whereas the food retailer can take the opportunity to
increase its price.
The food quality information service level of the food
processing factory has a greater impact on the price in its
own channel than on the price in the food retailer’s offline
channel. The same is true for the food retailer. The results
show that when the level of the offline channel’s food quality
information service is reduced, the price in the online channel
decreases. The food retailer adopts the decision to reduce the
price. However, when the retailer improves the food quality
information service level, the price in the offline channel
increases. The food processing factory adopts the decision to
increase the price.
2.7. Quantity Discount Coordination Mechanism in the Food
Supply Chain. To study a food supply chain that is in effective
and continuous operation with high efficiency (reasonable
cost), high credit, and high quality, we choose a supply chain
with the following attributes. First, based on the previously
discussed conclusions, we study a food processing factory
that sets its wholesale prices based on the number of wholesale products for food retailers [33]. Second, we optimize the
execution of a long-term discount contract that benefits the
main body of the food supply chain and maximizes its profits.
Additionally, we coordinate the range of parameters to benefit
the distribution between the food processing factory and food
retailers. Thus, we build a food supply chain with a quantitative discount coordination mechanism.
We can establish the quantity discount mechanism of the
food supply chain as follows:
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𝑤 (𝑘) = 𝑤 − 𝑘𝐷,

(40)

where 𝑤 is the optimal value of the wholesale price of
the food, 𝐷 is the demand, and 𝑘 is the quantity discount
coefficient. The decision order is the same as with the
Stackelberg game. We establish the profit objective function
of the food retailer as
𝜂 𝑠2
𝜂 𝑠2 𝜂 𝑠2
Π2 = (𝑝2 − 𝑤 (𝐷2 ) − 2 2 ) 𝐷2 + ( 1 1 − 2 1 ) 𝐷1
2
2
2

(41)
Let
𝜂 𝑠2
𝜕Π2
= (𝑝2 − 𝑤 − 2 2 ) (−𝛼1 − 𝛽1 )
𝜕𝑝2
2
(42)

⋅ [𝑎2 − 𝛼1 𝑝2 + 𝛼2 𝑠2 + 𝛽1 (𝑝1 − 𝑝2 ) + 𝛽2 (𝑠2 − 𝑠1 )]

+ 𝛽1 (𝑝1 − 𝑝2 ) + 𝛽2 (𝑠2 − 𝑠1 )] + 𝑘 [𝑎2 − 𝛼1 𝑝2
2

+ 𝛽2 (𝑠1 − 𝑠2 )] .

+ (2𝑘 (−𝛼1 − 𝛽1 ) + 1)

𝜂 𝑠2
Π2 = (𝑝2 − 𝑤 − 2 2 ) [𝑎2 − 𝛼1 𝑝2 + 𝛼2 𝑠2
2

+ 𝛼2 𝑠2 + 𝛽1 (𝑝1 − 𝑝2 ) + 𝛽2 (𝑠2 − 𝑠1 )] + (

𝜂2 𝑠12
) [𝑎1 − 𝛼1 𝑝1 + 𝛼2 𝑠1 + 𝛽1 (𝑝2 − 𝑝1 )
2

−

+ 𝛽1 (

𝜂1 𝑠12
2

𝜂1 𝑠12 𝜂2 𝑠12
−
) = 0.
2
2

We obtain the reaction function of the food retailer as

𝑝2 (𝑝1 )
=

[𝑎2 + (𝛼1 + 𝛽1 ) (𝜂2 𝑠22 /2) + 𝑤] + 𝛽1 𝑃1 + 𝛼2 𝑠2 + 𝛼1 ((𝜂1 𝑠12 /2) − (𝜂2 𝑠12 /2)) − 𝛽2 (𝑠1 − 𝑠2 ) − 2𝑘 (𝛼1 + 𝛽1 ) [𝑎2 + 𝛽1 𝑃1 + 𝛼2 𝑠2 + 𝛽2 (𝑠2 − 𝑠1 )]
2

2𝛼1 + 2𝛽1 − 2𝑘 (𝛼1 + 𝛽1 )

Then, by substituting 𝑝2 (𝑝1 ) into (1), we obtain the
demand 𝐷1QD , 𝐷2QD .
The food processing factory optimizes the profits of the
food supply chain based on the response of the food retailer.
ΠQD
3

𝑝1QD =

𝜂 𝑠2
= (𝑝1QD − 𝑐 − 2 1 ) 𝐷1QD
2

+ (𝑝2QD − 𝑐 −

(43)

.

𝜂2 𝑠22
) 𝐷2QD .
2
(44)

QD
Substituting 𝑝2QD , 𝐷1QD , 𝐷2QD into ΠQD
3 , let Π3 /𝑤 = 0,
QD
ΠQD
3 /𝑘 = 0, Π3 /𝑃1 = 0:

(𝛼1 + 2𝛽1 ) 𝛼1 𝜂2 𝑠12 + 𝑤 + 2 (𝛼1 𝛼2 + 𝛼1 𝛽2 + 𝛼2 𝛽1 ) 𝑠1 + 2 (𝛼2 𝛽1 − 𝛼1 𝛽2 ) 𝑠2 + 2 (𝛼1 + 𝛽1 ) 𝑎1 + 2𝛽1 𝑎2 + 2 (𝛼1 + 2𝛽1 ) 𝛼1 𝑐
4𝛼1 (𝛼1 + 2𝛽1 )

(45)

𝑝2 (𝑝1 )
=

[𝑎2 + (𝛼1 + 𝛽1 ) (𝜂2 𝑠22 /2) + 𝑤] + 𝛽1 𝑃1 + 𝛼2 𝑠2 + 𝛼1 ((𝜂1 𝑠12 /2) − (𝜂2 𝑠12 /2)) − 𝛽2 (𝑠1 − 𝑠2 ) − 2𝑘 (𝛼1 + 𝛽1 ) [𝑎2 + 𝛽1 𝑃1 + 𝛼2 𝑠2 + 𝛽2 (𝑠2 − 𝑠1 )]
2

2𝛼1 + 2𝛽1 − 2𝑘 (𝛼1 + 𝛽1 )

We obtain the optimal wholesale price:
𝑤

QD

𝐼 𝑠2 + 𝐼 𝑠 + 𝐼 𝑠 + 𝐼
= 1 13 2 21 2 3 2 42
4 (𝛼1 + 3𝛼1 𝛽1 + 2𝛼1 𝛽1 )
+𝑘

𝐼5 𝑠12 + 𝐼6 𝑠1 + 𝐼7 𝑠22 + 𝐼8 𝑠2 + 𝐼9
4𝛼1 (𝛼12 + 3𝛼1 𝛽1 + 2𝛽12 )

𝐼1 = 2𝛼1 𝛽12 𝜂2 − 2𝛼1 𝛽12 𝜂1 − 4𝛼1 𝛽12 𝜂1 + 𝛼12 𝛽12 𝜂2
𝐼2 = 2𝛼1 𝛼2 𝛽1 + 2𝛼2 𝛽12 + 2𝛼1 𝛽1 𝛽2
𝐼3 = −2𝛼1 𝛽1 𝛽2 + 2𝛼2 𝛽12

.

(46)

𝐼4 = 4𝛼1 𝛽12 𝑐 + 2𝛼1 𝛽1 𝑎1 + 2𝛽12 𝑎1 + 2𝛽12 𝑎2
+ 10𝛼12 𝛽1 𝑐 + 4𝑐𝛼13
𝐼5 = −4𝛼1 𝛽13 𝜂2 − 6𝛼12 𝛽12 𝜂2 − 2𝛼13 𝛽1 𝜂2
𝐼6 = 8𝛼1 𝛽12 𝛽2 + 12𝛼12 𝛽1 𝛽2 + 4𝛼13 𝛽2
𝐼7 = 4𝛼1 𝛽13 𝜂2 + 10𝛼12 𝛽12 𝜂2 + 8𝛼13 𝛽1 𝜂2 + 2𝛼14 𝜂2
𝐼8 = −8𝛼1 𝛽12 𝛽2 + 12𝛼12 𝛽1 𝛽2 − 8𝛼1 𝛼2 𝛽12 − 12𝛼12 𝛼2 𝛽1
− 4𝛼13 𝛼2 − 4𝛼13 𝛽2
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𝐼9 = −8𝛼1 𝛽12 𝑎2 + 8𝛼12 𝛽12 𝑐 + 12𝛼13 𝛽1 𝑐 + 12𝛼12 𝛽1 𝑎2

Substituting 𝑝1QD , 𝑤 into 𝑝2 , we obtain

+ 4𝛼14 𝑐 − 4𝛼13 𝑎2 .

(47)

𝑝2QD =

(𝛼1 + 2𝛽1 ) 𝛼1 𝜂2 𝑠22 + 2 (𝛼1 𝛼2 + 𝛼1 𝛽2 + 𝛼2 𝛽1 ) 𝑠2 + 2 (𝛼2 𝛽1 − 𝛼1 𝛽2 ) 𝑠1 + 2 (𝛼1 + 𝛽1 ) 𝑎2 + 2𝛽1 𝑎1 + 2 (𝛼1 + 2𝛽1 ) 𝛼1 𝑐
. (48)
4𝛼1 (𝛼1 + 2𝛽1 )

At this time, 𝑝2QD = 𝑝2𝐶. The optimal pricing of the food
processing factory under the Stackelberg game is equal to
the optimal price under centralized decision making. In
other words, the quantitative discount mechanism enables
the coordination of the food supply chain.

food supply chain situation, the basic parameter values of
which are given as follows:

Proposition 14. The food supply chain is shown in Figure 1.
According to the Stackelberg game method, we analyzed the
Stackelberg game dominated by the food processing factory.
Thus, the profits of the food processing factory and food retailer
under the Stackelberg game are

𝑐 = 4,

𝑎1 = 210,
𝑎2 = 240,
𝑤 = 10,
𝛽1 = 2,
𝛽2 = 1,

Π21 = (𝑝12 − 𝑐 −

𝜂1 𝑠12
) 𝐷12 + (𝑤12 − 𝑐) 𝐷22
2

Π22 = (𝑝22 − 𝑤22 −

𝜂2 𝑠22
2

) 𝐷22 + (

𝜂1 𝑠12
2

−

(49)

𝜂2 𝑠12
2

) 𝐷12 .

(50)

+ [(𝑤1QD − 𝑘𝐷2QD ) − 𝑐] 𝐷2QD

+(

𝜂2 𝑠22
] 𝐷2QD
2

𝜂1 = 7,
𝜂2 = 2.

𝜂1 𝑠12
) 𝐷1QD
2

QD
QD
QD
ΠQD
2 = [𝑝2 − (𝑤2 − 𝑘𝐷2 ) −

𝛼1 = 4,
𝛼2 = 2,

After coordinating the food processing factory and food retailer,
the profits are as follows:

QD
ΠQD
1 = (𝑝1 − 𝑐 −

(52)

(51)

𝜂1 𝑠12 𝜂2 𝑠12
−
) 𝐷1QD .
2
2

3. Results and Discussion
Nianyugou Wangu Processing Co., Ltd., uses its own retail
channel and brand, and its downstream retailer provides a
variety of support services. With this system, the relationships
between the supply chain partners are more stable, and a winwin effect is achieved. Therefore, we combined the success
stories involving Nianyugou Wangu Processing Co., Ltd., and
we make recommendations for food processing factory management.
For the parameter selection, we draw on the literature,
such as Garnett et al. and Bin et al., and we analyze the actual

With the above theoretical deduction formula, we analyze
the impact of the food quality information service level on
the food processing factory’s and retailer’s pricing decisions
under a different decision regime.
3.1. The Impact of the Level of the Online Channel’s Food Quality Information Service on Price. According to (9), (17)-(18),
and (32)-(33), we use 𝑠2 = 6, 𝑠1 ∈ [0, 10], and the results are
shown in Table 1. Then, Matlab software is used to graph the
results (see Figure 3). We analyze the impact of the level of the
online channel’s food quality information service on price as
follows.
As shown in Figure 3, with improvements in the food
quality information service level in the online channel, the
sales prices in the online channel and the offline channel will
increase. Research by Bin et al. and Chen et al. concluded
that the service level is positively correlated with price in the
supply chain. However, we consider a very different industry
application. This paper establishes the profit function of the
food quality information service level under the O2O mode.
We analyze the food quality information service in a food
supply chain consisting of a food processing factory and a
food retailer. We have verified the conclusion that the food
quality information service level is positively correlated with
the price. Under the Stackelberg and Bertrand games, the
level of the online channel’s food quality information service
has a greater impact on the price in its own channel than on
the price in the offline channel. Under the Stackelberg game,
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Table 1: The impact of the level of the online channel’s food quality information service on price.
𝑠1
𝑝1𝐵
𝑃2𝐵
𝑝1𝑆
𝑃2𝑆
𝑝1𝐶
𝑃2𝐶

0
28.2
49.2
28.38
50.26
29.19
31.06

1
30.26
50.01
31.34
50.6
29.94
31.81

2
36.06
52.54
39.59
51.69
31.69
33.56

3
45.6
56.79
53.13
53.53
34.44
36.31

4
58.89
62.74
71.97
56.13
38.19
40.06

5
75.91
70.41
96.1
59.49
42.94
44.81

6
96.69
79.8
125.5
63.6
48.69
50.56

7
121.2
90.9
160.3
68.46
55.44
57.31

8
149.5
103.7
200.3
74.08
63.19
65.06

9
181.5
118.2
245.6
80.46
71.94
73.81

10
217.2
134.5
296.2
87.59
81.69
87.59

Table 2: The impact of the level of the offline channel’s food quality information service on price.
0
93.86
55.2
122.6
50.26
48.69
31.06

1
93.9
55.96
122.7
50.6
48.69
31.81

2
94.1
57.74
122.9
51.69
48.69
33.56

3
94.5
60.56
123.3
53.53
48.69
36.31

4
95.06
64.4
123.9
56.13
48.69
40.06

5
95.79
69.27
124.6
59.49
48.69
44.81

6
96.69
75.17
125.5
63.6
48.69
50.56

7
97.76
82.1
126.6
68.46
48.69
57.31

there is an optimal price for the online channel when the food
quality information service level it provides is greater than the
critical value of 2, and there is an optimal price for the offline
channel when the food quality information service level it
provides is less than the critical value of 2. The price difference
between the two channels is the largest under the Stackelberg
game.
3.2. The Impact of the Level of the Offline Channel’s Food
Quality Information Service on Price. According to (9), (17)(18), and (32)-(33), we use 𝑠1 = 6, 𝑠2 ∈ [0, 15], and the results
are shown in Table 2. Then, Matlab software is used to graph
the results (see Figure 4). We analyze the impact of the level of
the offline channel’s food quality information service on price
as follows.
As shown in Figure 4, with improvements in the food
quality information service level of the offline channel,
the sales prices of both the online and offline channels
increase. Therefore, the food quality information service level
is positively correlated with the price of the food processing
factory’s and the food retailer’s own channel. Moreover, the
change amplitude of the price for the online channel is greater
than that for the offline channel. There is an optimal price for
the online channel under the Bertrand game with an
improvement in the level of the offline channel’s food quality
information service. The price in the online channel is higher
than that in the offline channel in the case of centralized
decision making in which the food quality information
service level provided by the offline channel is less than the
critical value of 5.4, and there is a small price difference
between the two channels. The price in the online channel is
lower than that in the offline channel in the case of centralized
decision making in which the food quality information
service level provided by the offline channel is higher than the
critical value of 5.4, while the price difference between the two
channels is the largest.

8
99
90.06
127.9
74.08
48.69
65.06

9
100.4
99.04
129.4
80.46
48.69
73.81

10
102
109.1
131
87.59
48.69
83.56

11
103.8
120.1
132.8
95.47
48.69
94.31

12
106.1
132.2
134.8
104.1
48.69
106.1

13
107.8
145.3
137
113.5
48.69
118.8

14
110.1
159.4
139.3
123.7
48.69
132.6

15
112.5
174.6
141.8
134.6
48.69
147.3

300
250
200
Price

𝑠2
𝑝1𝐵
𝑃2𝐵
𝑝1𝑆
𝑃2𝑆
𝑝1𝐶
𝑃2𝐶

150
100
50
0

0
1
2
3
4
5
6
7
8
9
10
The level of the online channel’s food quality information service
The price of the online channel under
the Bertrand game
The price of the offline channel under
the Bertrand game
The price of the online channel under
the Stackelberg game
The price of the offline channel under
the Stackelberg game
The price of the online channel under
the centralized decision
The price of the offline channel under
the centralized decision

Figure 3: The impact of the level of the online channel’s food quality
information service on price.

Therefore, if the food processing factory and retailer want
to increase their profits, they should continuously improve
their level of food quality information service. At the same
time, service regulations for food quality information should
be adopted. On the one hand, the food retailer should
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Table 3: The impact of the level of the online channel’s food quality information service on the food processing factory’s profit.

𝑠1
Π𝐵1
Π𝑆1
Π𝐶1

0
1802
4279
3851

0.8
1562
3986
3543

1.6
958
3161
2545

2.4
218.7
1978
971.9

3.2
−274
735.6
−970

4
13.28
−141
−2987

4.8
1766
−98.24
−4697

5.6
5823
1541
−5630

180
14

6.4
14000
5583
−5527

7.2
25000
13000
−2841

8
42000
25000
2265

8.8
67000
42000
11000

9.6
100000
60000
24000

×104

The food processing factory’s profit

160
140

Price

120
100
80
60
40
20

0
5
10
15
The level of the offline channel’s food quality information service
The price of the online channel under
the Bertrand game
The price of the offline channel under
the Bertrand game
The price of the online channel under
the Stackelberg game
The price of the offline channel under
the Stackelberg game
The price of the online channel under
the centralized decision
The price of the offline channel under
the centralized decision

Figure 4: The impact of the level of the offline channel’s food quality
information service on price.

improve the filter level for the food processing factory,
including both food quality information and food production
information. Through the constraints of the service contract,
the level of the food quality information services can be
improved. On the other hand, the food processing factory
should strengthen its food quality information timeliness,
and through its contractual relations, the fairness and validity
of the contract under the Bertrand game pricing decision in
the food supply chain will improve.
3.3. The Impact of the Level of the Online Channel’s Food
Quality Information Service on the Food Processing Factory’s
Profit. According to (11), (25), and (35), we use 𝑠2 = 6,
𝑠1 ∈ [0, 9.6]. The results are shown in Table 3. Then, Matlab
software is used to graph the results (see Figure 5). We analyze
the impact of the level of the online channel’s food quality
information service on the food processing factory’s profit as
follows.
As seen from the inflection point in Figure 5, the food
processing factory’s profit is gradually reduced under the

12
10
8
6
4
2

(3.2, 735.6)

0
−2

0
1
2
3
4
5
6
7
8
9
10
The level of the online channel’s food quality information service
Bertrand game
Stackelberg game
Centralized decision

Figure 5: The relationship between the level of the online channel’s
food quality information service and the food processing factory’s
profit.

Stackelberg game and the Bertrand game when the level of the
online channel’s food quality information service is less than
the critical value of 3.2. The food processing factory’s profit
gradually increases under the Stackelberg game and the
Bertrand game when the level of the online channel’s food
quality information service is greater than the critical value of
3.2. However, the food processing factory’s profit is gradually
reduced under centralized decision making when the level of
the online channel’s food quality information service is less
than the critical value of 5.6. The food processing factory’s
profit gradually increases under centralized decision making
when the level of the online channel’s food quality information service is greater than the critical value of 5.6. Compared
with the three decision methods, it can be concluded that the
profit is optimal when the food processing factory chooses the
Stackelberg game. Therefore, it is wise for the food processing
factory to compete with the food retailer under the Stackelberg game.
3.4. The Impact of the Level of the Online Channel’s Food
Quality Information Service on the Food Retailer’s Profit.
According to (12), (26), and (36), we use 𝑠2 = 6, 𝑠1 ∈
[0, 3.5], and then we use Matlab software to graph the results
(see Figure 6). We analyze the impact of the level of the
online channel’s food quality information service on the food
retailer’s profit as follows.
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2500

0.5

The food retailer’s profit

2000

(2.9, 1663)

1500
(2.4, 1575)
1000
500
0
−500

0
0.5
1
1.5
2
2.5
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The level of the online channel’s food quality information service
Bertrand game
Stackelberg game
Centralized decision

Figure 6: The relationship between the level of the online channel’s
food quality information service and the food retailer’s profit.

As shown in Figure 6, the food retailer’s profit is gradually
reduced under centralized decision making when the level of
the online channel’s food quality information service reaches
the critical value of 2.25. The food retailer’s profit is gradually
reduced under the Stackelberg game when the level of the
online channel’s food quality information service achieves the
critical value of 2.4. However, the food retailer’s profit is
gradually reduced under the Bertrand game when the level of
the online channel’s food quality information service achieves
the critical value of 2.9. Improving the level of the online
channel’s food quality information service exerts pressure on
the food retailer. Based on the above analysis, the food retailer
should choose the centralized decision making profit to
achieve an optimal pricing decision.
3.5. The Impact of the Level of the Online Channel’s Food
Quality Information Service on the Total Profit of the Food
Supply Chain. According to (13), (17), (18), (21), (23), (25),
(26), (27), and (37), we use 𝑠2 = 6, 𝑠1 ∈ [0, 10], and then we
use Matlab software to graph the results (see Figure 7). We
analyze the impact of the level of the online channel’s food
quality information service on the profit of the food supply
chain as follows.
As shown in Figure 7, with improved food quality
information service level of the food processing factory under
decentralized decision making, the total profit of the food
supply chain decreases. However, the total profit of the food
supply chain gradually decreases under centralized decision
making. Therefore, there is an optimal profit value in the food
supply chain under centralized decision making.
In summary, when the food quality information service is
provided by the online channel, the online channel’s food
quality information service level is positively related to the
profits of the food processing factory and negatively related
to those of the food retailer. At this point, the total profit of

The profit of the food supply chain

(2.25, 2063)

×105

0
−0.5
−1
−1.5
−2
−2.5
−3

0
1
2
3
4
5
6
7
8
9
10
The level of the online channel’s food quality information service
Bertrand game
Stackelberg game
Centralized decision

Figure 7: The relationship between the level of the online channel’s
food quality information service and the profit of the food supply
chain.

the food supply chain also decreases. As a result, the food
processing factory chooses the Stackelberg game to make
pricing decisions, so the food retailer should choose to make a
centralized pricing decision. In other words, the online
channel’s food quality information service level only brings its
profits, and for the retailer and the food supply chain, it is not
the best decision.
Therefore, if the food processing factory wants to increase
its profits, it should continuously improve the level of the food
quality information service provided by the online channel.
There are many shortcomings in the food quality information
services provided by online channels, such as business fraud
related to product information (quality), fictional product
sizes, the uploading of fake photos, and other types of poor
quality food information provided to consumers.
Therefore, to improve the online channel’s food quality
information service level in terms of technical aspects, the
information in the online channel should be quantified
through graded information, and data sharing with food regulatory authorities should occur to provide consumers with
adequate information. Regarding delivery, the online channel
improves the logistical speed and enhances consumer confidence. In terms of business strategies, we recommend providing additional information in the online food categories,
such as increasing the product information for imported
food products, differentiating online products from those in
the offline channel, and fully discussing the online channel
advantages. To improve the online food traceability system,
food production and “one-vote pass” distribution should be
used to make the source of food quality information traceable, to ensure that quality and safety are controllable and to
improve the transparency of food quality information services and thereby increase consumer confidence.
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3.6. The Impact of the Level of the Offline Channel’s Food
Quality Information Service on the Food Processing Factory’s
Profit. According to (11), (25), and (35), we use 𝑠1 = 6,
𝑠2 ∈ [0, 100], and then we use Matlab software to graph the
results (see Figure 8). We analyze the impact of the level of
the offline channel’s food quality information service on the
food processing factory’s profit as follows.
In Figure 8, we see that when the food quality information
service level provided by the online channel is certain, the
food processing factory’s profit gradually increases under
decentralized decision making when the food quality information service is provided by the offline channel. In contrast,
the food processing factory’s profit gradually decreases under
centralized decision making. Therefore, in crafting pricing
strategies, the food processing factory should consider developmental changes in the level of the offline channel’s food
quality information service.
3.7. The Impact of the Level of the Offline Channel’s Food
Quality Information Service on the Food Retailer’s Profit.
According to (12), (26), and (36), we use 𝑠1 = 6, 𝑠2 ∈
[0, 15], and then we use Matlab software to graph the results
(see Figure 9). We analyze the impact of the level of the
offline channel’s food quality information service on the food
retailer’s profit as follows.
From Figure 9, we see that when the level of the online
channel’s food quality information service is certain, the food
processing factory’s profit gradually increases with the level
of the offline channel’s food quality information service. The
food retailer should set the price under the Bertrand game
when the level of the offline channel’s food quality information service is greater than 12.3. The food retailer tends
to set the price under centralized decision making when the

Figure 9: The relationship between the level of the offline channel’s
food quality information service and the food retailer’s profit.
5
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Figure 8: The relationship between the level of the offline channel’s
food quality information service and the food processing factory’s
profit.
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Figure 10: The relationship between the level of the offline channel’s
food quality information service and the total profit of the food
supply chain.

level of the offline channel’s food quality information service
is less than 12.3.
3.8. The Impact of the Level of the Offline Channel’s Food
Quality Information Service on the Total Profit of the Food
Supply Chain. Based on (13), (27), and (37), we use 𝑠2 = 6,
𝑠1 ∈ [0, 10], and then we use Matlab software to graph the
results (see Figure 10). We analyze the impact of the level of
the offline channel’s food quality information service on the
profit of the food supply chain as follows.
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As shown in Figure 10, there is an optimal profit value in
the food supply chain under centralized decision making.
To obtain the maximum benefit, the supply chain members
should formulate their pricing strategies under centralized
decision making.
Overall, when the food quality information service is
provided by the offline channel, the profitability of the entire
supply chain is optimal. It is optimal when the food processing factory chooses decentralized decision making and
when the food retailer chooses centralized decision making.
As a result, the food retailer using the offline channel to
improve the food quality information services is the best
decision for the entire food supply chain.
Therefore, to achieve an optimal food supply chain
overall, the level of the food quality information service of the
offline channel should be improved. Considering marketing
strategies, the offline channel should take advantage of the
nature of offline retail to meet customers’ needs. For example,
after the first purchase, it could improve customer experience
and ensure food quality. Through the news media, it could use
APP and other channels to deliver food quality information.
A combination of online and offline information sources
could also be used to increase the technical input and design a
food quality information traceability system based on
Android and QR codes to improve information sharing. At
the staff level, employees should be trained in providing food
quality information to enhance their understanding and to
ensure accuracy and professionalism when providing such
information, thus enhancing service awareness and the staff ’s
professional ethics.
3.9. The Impact of the Quantity Discount Mechanism on the
Food Retailer and the Food Processing Factory before and
after Coordination. We consider the operational decisions of
Nianyugou Wangu Processing Co., Ltd., which provides food
retailers with a variety of discounts. The food processing
factory offers returns to food retailers in the form of lower
prices, which are conducive to stabilizing the partnership
with downstream members of the supply chain. However,
a portion of the profits of Nianyugou Wangu Processing
Co., Ltd., comes from the services that it offers to retailers,
which in turn enhance the profits of the food supply chain.
Therefore, by examining the successful experience of Nianyugou Wangu Processing Co., Ltd., we analyze the impact of
quantitative discount mechanisms on food retailers and the
food processing factory using numerical examples. Then, we
optimize the effective range of the quantity discount factor.
In the food supply chain under the O2O mode, the basic
parameter values are as follows: 𝑎1 = 210, 𝑎2 = 240, 𝑐 = 100,
𝛽1 = 2, 𝛽2 = 1, 𝛼1 = 4, 𝛼2 = 2, 𝜂1 = 7, 𝜂2 = 2.
We can compare the changes in profit for the food
processing factory and food retailers before and after coordination.
Using (33), the food processing factory’s profit before
coordinating under the Stackelberg game is
Π𝑆1 = (𝑝1𝑆 − 𝑐 −

𝜂1 𝑠12
) 𝐷1𝑆 + (𝑤1𝑆 − 𝑐) 𝐷2𝑆 .
2

(53)

The prices in the online and offline channels under the
Stackelberg game are 𝑝1𝑆 , 𝑝2𝑆 , respectively; see (17) and (18),
and taking 𝑝1𝑆 , 𝑝2𝑆 into (1), we can obtain the demand of the
online and offline channels under the Stackelberg game, 𝐷1𝑆 ,
𝐷2𝑆 , respectively. Finally, we insert the parameter values into
(25) and find that the food processing factory’s profit before
coordination is 18354.
Using (49), the food processing factory’s profit after
coordination under the quantity discount mechanism is
QD
ΠQD
1 = (𝑝1 − 𝑐 −

+

[(𝑤1QD

−

𝜂1 𝑠12
) 𝐷1QD
2
𝑘𝐷2QD )

−

(54)

𝑐] 𝐷2QD .

The prices in the online and the offline channels under
the quantity discount mechanism are 𝑝1QD , 𝑝2QD , respectively.
Seeing (45) and (48) and inserting 𝑝1QD , 𝑝2QD into (1), we
obtain the demand of the online and offline channels under
the quantity discount mechanism 𝐷1QD , 𝐷2QD , respectively.
Finally, we insert the parameter values into (49) and find
that the food processing factory’s profit before coordination
is 5180𝑘 + 16303.
Using (26), the food retailer’s profit before coordination
under the Stackelberg game is as follows:
Π𝑆2 = (𝑝2𝑆 − 𝑤2𝑆 −

𝜂2 𝑠22
𝜂 𝑠2 𝜂 𝑠2
) 𝐷2𝑆 + ( 1 1 − 2 1 ) 𝐷1𝑆 .
2
2
2

(55)

The prices in the online and offline channels under the
Stackelberg game are 𝑝1𝑆 , 𝑝2𝑆 , respectively; based on (17) and
(18), inserting 𝑝1𝑆 , 𝑝2𝑆 into (1), we obtain the demand of the
online and the offline channels under the Stackelberg game,
𝐷1𝑆 , 𝐷2𝑆 , respectively. Finally, we insert the parameter values
into (33) and find that the food retailer’s profit before
coordination is 6688.
Using (50), the food retailer’s profit after coordination
under the quantity discount mechanism is
QD
QD
QD
ΠQD
2 = [𝑝2 − (𝑤2 − 𝑘𝐷2 ) −

𝜂 𝑠2 𝜂 𝑠2
+ ( 1 1 − 2 1 ) 𝐷1QD .
2
2

𝜂2 𝑠22
] 𝐷2QD
2

(56)

The prices in the online and offline channels under the
quantity discount mechanism are 𝑝1QD , 𝑝2QD , respectively;
using (45) and (48) and inserting 𝑝1QD , 𝑝2QD into (1), we
obtain the demand of the online and offline channels under
the quantity discount mechanism, 𝐷1QD , 𝐷2QD , respectively.
Finally, inserting the parameter values into (50), we find that
the profit of the food retailer before coordination is −5180𝑘 +
7884.
Based on the above results, the relationship between the
profit and quantity discount coefficients before and after
coordination between the food processing factory and the
retailers under the Stackelberg game and the quantitative
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Figure 11: The relationship between profit and the quantity discount
coefficients of the food retailer and the processor before and after
coordination.

discount mechanism is shown in Figure 11, which is depicted
graphically by Matlab software.
In Figure 11, we can observe the profit changes of the food
processing factory and retailer when the quality discount
coefficient has different values. The food retailer’s profits
decrease when the quantity of discount factors increases, and
its profits are greater than the profits under the Stackelberg
game. At this point in time, the profits of the food processing
factory are optimized. Therefore, at this time, the coordination mechanism is effective. In fact, the food processing factory is willing to implement the volume discount mechanism
as long as the profit brought by its market share resulting from
the implementation of the quantity discount mechanism
exceeds the price loss. The food processing factory’s profits
increase when the quantity of discount factors increases
under the quantity discount mechanism, and when 𝐾 is
higher than 0.4, these profits are higher than those under
the Stackelberg game. In contrast, the food retailer’s profit
decreases when the quantity of discount factors increases, and
its profit is less than its profit under the Stackelberg game.
Both 0.4 and 0.25 are critical values, and the quantity discount
mechanism has advantages for both the food processing
factory and the retailer. The quantity discount mechanism is
effective, and the food retailer’s profit is optimized. The food
processing factory can share in the extra profit margins of
the food retailer, which is equivalent to reducing the cost of
retailers buying excess goods.

4. Conclusion
This paper analyzes the pricing coordination decisions of a
food processing factory and a food retailer in a food supply
chain based on the O2O mode. We also discuss the impacts of

the food quality information service level on prices and
profits in the food supply chain. The following conclusions
are drawn based on a numerical simulation analysis.
First, we have comprehensively analyzed the impact of
food quality information services on price. We observe that
there is an optimal price for the food processing factory under
the Stackelberg game. When the level of the offline channel’s
food quality information service is certain, the food quality
information service level provided by the online channel
is higher than the critical value. At the same time, there
is an optimal price in the offline channel under the Bertrand
game when the food quality information service level provided by the online channel is less than the critical value.
Therefore, the food processing factory should make its price
decision by adopting the Stackelberg game method, and the
food retailer should make its price decision by adopting the
Bertrand game method. Therefore, if the food processing factory and the retailer want to increase their profits, they should
continuously improve the level of their food quality information services.
Second, we comprehensively analyze the impact of food
quality information services on profits. We conclude that the
food processing factory and the retailer should use centralized pricing decision making when the level of the online
channel’s food quality information service is certain and the
level of the food quality information service provided by the
offline channel is lower than the critical value. At the same
time, the food processing factory and retailer should adopt
the Bertrand game method and the Stackelberg game method, respectively, when the food quality information service
level provided by the offline channel is higher than the critical
value. Therefore, the online and the offline channels should
improve the food quality information service level in terms of
technology, distribution, and business strategies. Further, the
reliability of information services, warehousing, and logistics
is one advantage of the offline channel, but these features are
often inadequate for online channels. However, efficiency,
informatization, and systematization are the strengths of
online channels. Hence, the two channels can strengthen
their cooperation to improve the food industry.
Third, the food processing factory’s profit increases when
the quantity of discount factors increases under the quantity
discount mechanism when 𝐾 is less than 0.25, but this profit
is less than that under the Stackelberg game; meanwhile, the
profit of the food retailer decreases when the quantity of the
discount factors increases and is higher than its profit under
the Stackelberg game. The food processing factory’s profit
increases when the quantity of discount factors increases
under the quantity discount mechanism when 𝐾 is higher
than 0.4, and it is higher than its profit under the Stackelberg
game. In contrast, the profit of the food retailer decreases
when the quantity of discount factors increases and is less
than its profit under the Stackelberg game. The quantity discount coordination mechanism generally improves, and from
our numerical results, we observe that a quantitative discount
coordination mechanism in general can improve the profitability of the food processing factory and retailer, thereby
improving the overall efficiency of the food supply chain.
The value of coordinating contracts is even more pronounced
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when the level of the food quality information service
increases. Therefore, as the main member of the food supply
chain, the food processing factory should set reasonable coordination parameters for quantitative discount mechanisms to
improve the efficiency of the food supply chain.
In summary, food processing factories should reduce
their food quality information service costs and cooperate
with food retailers with low service costs. At the same time,
food processing factories should also improve the level of
their food quality information services and competitiveness
and thereby provide reasonable prices and food quality
information services for consumers. The members of a food
supply chain must consider competitors after coordinating
with the other members and then make optimal competitive
decisions. The competition between several food retailers and
a food processing factory will be considered in future research.

Additional Points
Practical Applications. This study could be used to aid both
food processing factories and food retailers in making pricing
coordination decisions under the influence of a food quality
information service. The study could further help food processing factories and retailers coordinate and optimize their
profits. We provide recommendations based on a reasonable
range of the coordination coefficient, and we recommend that
food processing factories cooperate with food retailers that
provide lower-cost food quality information services.
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We present a literature review on quality and operations management problems in food supply chains. In food industry, the quality
of the food products declines over time and should be addressed in the supply chain operations management. Managing food
supply chains with operations management methods not only generates economic benefit, but also contributes to environmental
and social benefits. The literature on this topic has been burgeoning in the past few years. Since 2005, more than 100 articles have
been published on this topic in major operations research and management science journals. In this literature review, we concentrate
on the quantitative models in this research field and classify the related articles into four categories, that is, storage problems,
distribution problems, marketing problems, and food traceability and safety problems. We hope that this review serves as a reference
for interested researchers and a starting point for those who wish to explore it further.

1. Introduction
Food quality, including safety, has been a major concern faced
by the food industry, partly due to a series of food safety
crises and scandals [1]. Quality of the food products continuously changes as they move along the supply chain, which
can lead to significant social, economic, and environmental
consequences.
Food spoilage is one of the major issues related to food
safety and quality. When food products move from farms to
food processors, food retailers, and end customers, spoilage
cannot be avoided. Food perishability may cause huge wastes.
It is estimated by the United Nations that approximately onethird of all food produced for human consumption is wasted
each year. In other reports, 40% of total production was
wasted [2, 3]. The economic loss caused by food perishability
and waste reached $218 billion in the US, $143 billion in
Europe, and $27 billion in Canada [4–6]. In addition to the
economic impacts, food perishability also caused food safety
problems in many regions. According to the WHO [7], about
600 million people became ill after consuming contaminated

food each year. Among them 420,000 died, including 125,000
children under the age of five years. This has raised serious
concern about food safety in many countries.
The improvement of preservation technologies has provided many tools to reduce waste and improve safety in
food supply chains. Many extensive literature reviews have
been conducted on preservation and traceability technology
adoptions in food supply chains. For example, Mercier
et al. [8] provided a comprehensive literature review on
time-temperature management along the food supply chain.
Badia-Melis et al. [9] reviewed traceability technology adoptions in food supply chains. The adoption of various temperature control or traceability technologies allows information
to be gathered to optimize inventory decisions, distribution
decisions, and retail strategy even enhance safety in food
supply chains.
Also, the research progress in operations management
provides many opportunities for companies to reduce product waste due to decaying and to enhance food quality.
Akkerman et al. [10] reviewed the quantitative operations
management research on food distribution concerning food
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Table 1: Searching guidelines and results.

Inclusion criteria

Descriptions and guidelines
Articles that were identified in the database search or appeared in the reference lists of one
of the selected articles
(i) Topic: articles that develop or apply quantitative models on food quality and operations
management in food supply chain
(ii) Language: limited to English
(iii) Time span: 2005–2017
(iv) Paper type: academic (peer-reviewed) journal articles

Keywords

(i) Group A keywords: “food quality”, “perishable food”, and “perishable products”
(ii) Group B keywords: “operations management”, “inventory management”, “marketing”,
“customer behaviors”, “supply chain coordination”, “production planning”, “quality
control”, and “distribution”

Keywords search

(i) Selected online databases (e.g., Elsevier, Wiley Online, Informs, Springer, and Hindawi)
(ii) All selected articles contain at least one keyword combination from Groups A and B in
the title, abstract, or list of keywords

Exclusion
criteria

(i) Not related to food quality
(ii) Not related to the operations management problems
(iii) Not using the quantitative methodologies

2. Methodology
To address the research questions, the study reviews the
literature of food quality management in supply chains.
2.1. Data Collection. The study aims to review published
peer-reviewed articles in the targeted area from 2005 to
2017. Articles are collected from several databases, including
Elsevier, Wiley Online, Informs, Springer, and Hindawi. The
search was conducted based on the combination of two
categories of key words; one is related to food quality and
the other is related to operations management. An example
of such key word combination would be “Inventory” + “food
quality”; another would be “distribution” + “perishable food”.
Using such kind of keywords search in the databases, we
found 426 articles in total.

Results
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quality, food safety, and sustainability. In this article, we
mainly concentrate on the quantitative operations management models related to food quality management. The goal is
to present the latest research development in this field and to
identify future research opportunities.
As such, we propose the following two research questions:
(1) what are the state-of-the-art development and trends in
quantitative operations management research regarding food
quality management? (2) What gaps exist in the current
research, and what are the potential future research opportunities?
This paper is organized as follows: Section 2 presents
the methodology of this research along with a descriptive
analysis of the existing studies. Section 3 provides details
of operations management problems and related research
along the food supply chain, including storage, distribution,
marketing, and traceability optimization. Section 4 is about
the research implications and directions for future research.
Section 5 discusses the conclusions and limitations of this
review.
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Figure 1: Distribution of articles over time.

2.2. Relevant Literature and Classification. In this stage, all
articles were prudently reviewed. The searching guidelines
and results are presented in Table 1. An article was removed
from this study if it was not related to food quality, operations management, or not using quantitative methods. The
remaining publications were then classified according to a
conceptual framework proposed in Section 3.1.
2.3. Journal Statistics. The number of publications in different
time periods is presented in Figure 1 to show the evolution of
research interest in this topic. Between 2005 and 2017, there
were a total of 105 articles on the operations management
related to food quality in food supply chains. The number of
the articles is rather limited before the year 2008. Then the
number rises slowly from 2008 to 2012. Since 2012, scholars
have become more interested in this topic. The statistics show
that while the total number of research in this area is still
small, interest in this field has grown rapidly in recent years.
Figure 2 presents the distribution of articles in these
major publication outlets. The 105 articles included in this
study were published in more than 30 journals on operations
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management or food quality. Apparently, the top journals
are International Journal of Production Economics (IJPE),
Production and Operations Management (POM), International Journal of Production Research (IJPR), and Omega,
which account for about one-third of the total amount. The
first half of the papers contributes to about 80 percent of
the total papers. After carefully reading the 105 articles, we
found that these papers represent an appropriate overview of
the current state-of-the-art research in the area of operations
management and food quality control in food supply chains.

3. Analysis
In this section, quality and operations management problems in food supply chains are discussed in detail. More
specifically, we discuss the main issues with regard to related
operations management problems, followed by a discussion
of research challenges.

3.1. Conceptual Framework. In order to identify the progress
and gaps in the existing literature on food quality and
operations management models, a conceptual framework is
constructed to understand the key decisions, as shown in Figure 3. The framework helps us understand the achievements,
challenges, and opportunities in the research on food quality
and operations management models.
Section 3.2 summarizes the studies of inventory problems
with preservation investment, followed by Section 3.3 on
transportation planning problems in food supply chains.
Next, Section 3.4 covers research on marketing strategies
considering food quality and customers’ preferences. Lastly,
Section 3.5 presents the models pertaining to food traceability
and food recall strategies.
3.2. Inventory Planning with Preservation Investments. A lot
of researches deal with inventory management of perishable
products, where their production or distribution planning
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is based upon an exogenous perishable rate. For example,
fruits in supermarkets will perish in the selling period until
they are not safe to eat. However, with the development of
preservation technologies, the products’ perishability can be
reduced by making investment in equipment, production
processes, and so on. In other words, the perishable rate
highly depends on not only the natural perishable rate largely
determined by environmental factors (such as temperature,
humidity, light, oxygen content, and microbial content) but
also the preservation technology used in the warehouse and
transportation vehicles.
Although the perishing process for food products is
natural and cannot be stopped, it can be slowed down by
specialized equipment, such as refrigerators and humidifiers,
to make temperature low and humidity suitable for certain
fruits. Hence, it is practical and important to consider inventory decisions with preservation technology investment decision. Enterprises’ preservation investment is often combined
with other decisions, like pricing or replenishment decisions.
The goal is to maximize the total profit or minimize the total
cost by finding an optimal set of preservation investment
level, price, or ordering quantity.
3.2.1. Single Level Supply Chain Inventory Models. Some
studies focus on a single firm’s preservation and inventory
decisions. Hsu et al. [11] first developed an analytical Economic Ordering Quantity (EOQ) model considering both
ordering policies and preservation investment for perishable
products. Under the assumption that the deterioration rate is
exponentially linked to the investment level, they proposed
a method to determine the optimal replenishment cycle,
shortage period, order quantity, and preservation technology
cost so as to maximize the total profit per unit time.
Numerical examples were presented to obtain further results.
Lee and Dye [12] extended the model of Hsu et al. [11]
by assuming that market demand is linked to inventory
level and shortages are allowed and partially backlogged. An
algorithm was also proposed to solve the optimization model
and determine the optimal replenishment and preservation
technology investment.
Dye and Hsieh [13] assumed that the deterioration
cost is associated with both the preservation investment
and the time instance. The objective is to find the optimal replenishment and preservation technology investment
strategies while maximizing the total profit per unit time
over the infinite planning horizon. Dye [14] assumed that the
deterioration rate is noninstantaneous and controllable. The
generalized productivity of invested capital, deterioration,
and time-dependent partial backlogging rates were used to
model the inventory system. The uniqueness of the global
maximization was proved using fractional programming.
Chen and Dye [15] proposed a finite time horizon
inventory and preservation investment model, in which the
preservation investment can be different in each replenishment cycle. They utilized particle swarm optimization to
solve the nonlinear programming problem. He and Huang
[16] studied the optimal preservation, pricing, and ordering
decisions for a kind of seasonal products. Hsieh et al.
(2013) formulated an Economic Production Quantity (EPQ)
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model for deteriorating items with time-varying demand and
controllable deterioration rate in a limited time horizon. A
particle swarm optimization approach was also employed to
solve the nonlinear programming problem.
Singh and Sharma [17] studied an inventory model with
ramp-type demand rate, controllable deterioration rate, and
two-level trade credit, in which shortages were allowed
and partially backlogged. Bardhan et al. [18] also studied
an inventory problem with preservation investment for
noninstantaneous deteriorating products. They studied two
models depending on the on-hand stock finish time: before
and after the deterioration starts. Yang et al. [19] introduced the credit period theory into inventory models with
preservation investment decisions. They studied a retailer
selling perishable products to customers and offering a
credit period to its customers to buy the products. They
established a model to determine the optimal trade credit
periods, preservation technology investment, and ordering
strategies that maximize the total profit over a finite planning
horizon.
Unlike previous studies, Dye and Yang [20] treated
the selling price as a decisions variable. They considered
customers’ reference price behaviors and proposed a joint
dynamic pricing and preservation technology investment
model for a perishable inventory system with time- and
price- sensitive demand. Theoretical results were obtained
to demonstrate the existence of an optimal solution for the
inventory problem. A simple iterative algorithm was utilized
to solve the proposed model by employing the theoretical
results. Features of the proposed model were illustrated with
sensitivity analysis.
Kouki et al. [21] extended the known (r, Q) inventory
models by assuming products are perishable. They studied the
impacts of the application of Time Temperature Integrator
(TTI) technology on the inventory management decisions.
The TTI technology enables firms to accurately monitor
products’ freshness and gives information on products’
remaining shelf lives. Zhang et al. [22] studied dynamic service investment problem simultaneously with preservation
investment for perishable products. The analytical solution
for dynamic service investment was obtained under the
given sales price, preservation technology, and replenishment
cycle by solving an optimal control problem. The impact
of common resource constraint on the optimal investment
policy was investigated. They found that for a relatively low
common resource capacity, the firm prefers to invest in
service improvement rather than preservation technology.
Mishra [23] studied an EPQ problem considering uncertain
and controllable deterioration rate. Following Day and Yang
(2016), Mishra et al. [24] studied an inventory model that
considers demand rate as a function of stock and selling
price. They established an EOQ model considering preservation investment, product deterioration, and two types of
backordering scenarios. Li et al. [25] studied an inventory
control problem considering the optimal packaging decisions
to extend the product shelf life. High quality packaging helps
to better preserve the products but leads to higher costs for
sellers. The goal is to minimize the total costs by choosing an
appropriate packaging strategy.
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3.2.2. Two Level Supply Chain Inventory Models. The preservation investment problem has also been studied in two-level
supply chains. Tayal et al. [26] developed a two-level supply
chain model, in which the products are perishable and the
deterioration rate is controllable. Also, customers’ demand is
sensitive to the products’ expiration rate. Zhang et al. [27]
studied a two-level inventory model for deteriorating items
with controllable deterioration rate and price-dependent
demand. They derived the optimal decisions for both the
decentralized and the centralized models. They found that
the two-level supply chain can be coordinated with a revenue
sharing and cooperative investment contract. The results
show that only when the revenue sharing rate lies roughly
between 1/2 and 3/4 can the contract perfectly coordinate
supply chains in most cases, which has an important implication in supplying chain coordination of deteriorating items
with preservation investment. Shah et al. [28] studied an
inventory model in a two-level supply chain consisting of a
manufacturer and a retailer. The manufacturer offers a trade
credit to the retailer and the retailer’s deterioration rate is
time dependent and linked with preservation investment. The
retailer also offers partial trade credit to the buyers. Giri et
al. [29] studied a two-level supply chain model with product
deterioration, controllable deterioration rate, and unreliable
production.
3.2.3. Multiple Facility Inventory Models. Researchers also
considered the preservation investments for a multifacility
supply chain. Cai et al. [30] studied the optimal ordering
policy and fresh product keeping efforts in a multilevel supply
chain with long transportation distance and high deterioration rate for intransit products. Yu and Nagurney [31]
developed a network-based food supply chain production
model under oligopolistic competition and perishability, with
a focus on fresh produce. The product differentiation is
characterized by the different product freshness and food
safety concerns, as well as the evaluation of alternative
technologies associated with various supply chain activities.
Tsao [32] studied a joint model considering location,
inventory, and preservation decision-making problem for
noninstantaneous deteriorating items under delay in payments. In the author’s model, an outside supplier provides
a credit period to the wholesaler that has a distribution
system with distribution centers. The goal is to determine
the locations, the number, the replenishment time of the
distribution centers, and the preservation investments. Tsao
[33] studied the network design problems in a supply chain
including distribution centers and retailers considering trade
credit arrangements, preservation investment, and product
deterioration. The goal is to determine the optimal locations
of distribution centers, assignment of retailers to distribution
centers, replenishment time, and preservation investment to
maximize the total profit.
3.2.4. Summary. In this subsection, the inventory problems
combined with food preservation investment is presented.
We classify the existing papers into three categories for
different supply chain structures, that is, single level supply chain, two-level supply chain, and multilevel supply
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chain. The research contributions are presented in each
part.
3.3. Transportation Planning for Perishable Products. In this
subsection, we discuss the transportation planning in food
supply chains considering food quality degradation. In economy, transportation plays an important role, which accounts
for two-thirds of the total logistics cost and affects the level
of customer service. In reality, food supply chains stretch
from upstream agricultural farms to downstream consumers,
with intermediate manufacturers, foodservice providers, and
sellers in the middle. Along the distribution process, food
products may perish and temperature control becomes crucial for supply chain partners to reduce wastes and enhance
food quality and food safety. To enhance the profitability and
competitiveness, many enterprises strive to handle the issue
of product perishability so as to maintain the value of their
products.
The transportation planning problems are mainly concerned with the optimization of delivery routes, delivery
quantities, and delivery time. Transportation modes, such as
flights, cargo vessels, or trains, should also be considered.
Although great progress has been made in this direction
in terms of considering product perishability properties,
challenges still exist.
Transportation planning mainly deals with vehicle routing problems (VRP). When considering product perishability, more factors should be reconsidered in this research
area. First, food safety is a main concern when enterprises
distribute the food products from manufacturer to retailers
and customers. For example, Rijgersberg et al. [34] developed a simulation model of the distribution chain of freshcut iceberg lettuce under the consideration of quality and
safety during distribution stage. Second, different types of
perishable products should be stored in different conditions
during transportation. Because the storage temperatures for
chilled meat and fresh vegetable are different, a vehicle may
be divided up into multiple compartments with different
temperature controls [35]. This makes the transportation
planning more complex and more challenging. Third, distribution planning of the food products is often linked to
customers’ preferences and satisfactions [36]. In real life, the
fresher the products, the higher the price. Shorter delivery
time helps to maintain the freshness, yet it increases the total
transportation cost.
3.3.1. Transportation Planning Considering Various Factors.
During the transportation of perishable products, factors like
the product quality, the product safety, the transportation
mode, the preservation conditions, or multifirms’ coordination all have significant impacts on optimal decisions.
Dabbene et al. [37] assumed that quality of the perishable
products during transportation is directly linked to time
and solved a distribution planning model by a heuristic
approach. Quality change may lead to food safety problems.
Rijgersberg et al. [34] also developed a simulation model of
the distribution chain of fresh-cut iceberg lettuce under the
consideration of quality and safety during distribution stage.
The main purpose was to study the impacts of product life
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cycle, customer purchasing behaviors, and distribution lead
time reduction on distribution strategies.
Some researchers demonstrate that transportation modes
affect the optimal decisions significantly. Ahumada and
Villalobos [38] considered transportation modes in their
integrated production and distribution optimization models.
They proposed that supply chain partners need to choose
from the transportation modes of truck, rail, or air to
distribute their packaged perishable products under different
conditions. The impacts of refrigeration cost were discussed
in Dabbene et al. [39]. Rong and Grunow [40] studied
the impacts of product dispersion during distribution on
optimal distribution planning strategies. Although dispersion
enhances supply chain efficiency, it also causes food safety
problems. Their approach allowed decision-makers to deal
with the tradeoff under different risk attitudes. Cai and Zhou
[41] studied the optimal production and delivery policies
when facing two markets (i.e., local market and foreign
market) and the transportation to foreign market may be
disrupted. An optimal policy was proposed to minimize the
total cost. Eleonora and Jesus (2015) analyzed the schemes
for food delivery to urban food sellers. They studied the
impacts of traffic regulations, delivery services, and an urban
distribution center on the distribution efficiency in a case
study of Parma, Italy. Ketzenberg and Ferguson [42] studied
the value of information sharing between the seller and the
supplier in a two-level supply chain. They showed in the
numerical tests that information sharing not only improves
profits of the two parties, but also benefits customers by
enhancing product freshness.
In addition to the impacts of quality, safety, and transportation modes, Grillo et al. [36] proposed a mixed integer
mathematical programming model to study an order promising process in fruit supply chains with subtypes of products
considering various natural factors, such as land, weather,
or harvesting time. Bilgen and Günther [43] studied an
integrated problem for production and distribution planning.
They considered two different transportation modes in the
distribution stage between plants and distribution centers:
the full truck load and less than truck load.
Soysal et al. [44] studied a routing problem with multiple
suppliers and customers considering food perishability and
horizontal collaboration between supply chain partners. They
found that horizontal collaboration may reduce wastes and
carbon emission and increase distribution efficiency of the
whole supply chain. They used an experiment to study the
impacts of related factors and found that the gains are highly
sensitive to the supplier size or the maximum shelf life of the
products.
3.3.2. Transportation Combined with Inventory Problems. It
is common that transportation planning is often related
to inventory planning problems. The combined inventoryrouting approaches not only solve the short term VRP
problems, but also help to overcome the long term production
planning problems.
Rong et al. [45] studied a joint production and distribution planning model under the consideration of food quality
degradation. In addition to routing and storage planning
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decisions, the firm also makes decisions on the temperature
during storage and distribution. The problem was solved with
a generic approach. Farahani et al. [46] studied an integrated
production and distribution planning model for a kind of fast
perishable food product. To deal with the fast perishability,
they proposed a policy to shorten the time interval between
production and distribution. Adelman and Mersereau [47]
studied a dynamic capacity allocation problem when customers’ ordering quantity is correlated to fill rates in the
past. In their model, customers risk attitudes to the fill rates
were different. Given customers’ differentiated behaviors, a
dynamic rationing policy of the fill rates was proposed to
achieve higher profit and higher customer satisfaction.
Coelho and Laporte [48] studied an integrated replenishment, distribution, and inventory management problem
when products have various lifetimes. They showed in the
numerical experiments that the optimal policy is either to
sell the oldest available items first to avoid spoilage, or to
sell the fresher items first to increase revenue. Devapriya et
al. [49] studied an integrated production and distribution
scheduling problem for perishable products in a multiechelon
chain. Their objective was to determine the optimal fleet size
and trucks’ routes in order to minimize the aggregated cost.
Unlike the previous research, their study captured both production and distribution planning under the consideration
of limited lifetime of the products. A mixed integer programming model was formulated to solve the problem and
heuristics based on evolutionary algorithms were provided to
resolve the models. Liu et al. [50] studied the dynamic inventory rationing problem for perishable products over multiple
periods for a wholesaler. The rationing strategy was not only
determined by the perishable properties of the products but
also affected by the uncertain selling price in the future
periods. Qiu et al. [51] studied a generalized productioninventory-routing problem for perishable products. They
have discussed several inventory management policies to
illustrate the real-world applications of the proposed models.
More works can be seen in Bilgen and Günther [43],
Makkar et al. [52], Cai et al. [53], Rahdar and Nookabadi
[54], Uthayakumar and Priyan [55], Jia et al. [56] Diabat et
al. [57], Lee and Kim [58], Gaggero and Tonelli [59], BeloFilho et al. [60], Priyan and Uthayakumar [61], Seyedhosseini
and Ghoreyshi [62–64], Sel et al. [65], Mirzaei and Seifi [66],
Drezner and Scott [67], and Dobhan and Oberlaender [68].
3.3.3. Transportation Combined with Network Design Problems. In food industry, there exist many kinds of distribution networks. In practice, the network design problem
is to jointly optimize the location of hubs and the flows
from upstream manufacturers to downstream retailers and
customers. Distribution network design plays a key role in
reducing transportation costs and maintaining quality of
perishable products in food supply chains. However, many
of the existing models on distribution network design only
consider single period problems, which cannot be used
to solve the problems for perishable products with time
limitations within the networks. To solve the network design
problems, many new types of mathematical models and
innovative algorithms were developed in the last decade.
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Firoozi et al. [69] studied a network design problem for
perishable products which have limited storage time during
transportation. Their model attempted to balance the benefit
from enhancing storage conditions to maintain products
quality and the associated costs to improve storage conditions. An efficient Lagrangian relaxation heuristic algorithm
was developed to solve the proposed model. Firoozi et al.
[70] studied a similar network design problem considering
product perishability. They proposed a memetic algorithm
(MA) and proved that it works more efficiently than the
Lagrangian relaxation heuristic algorithm. Unlike Firoozi et
al. [69] and Firoozi et al. [70], Firoozi and Ariafar [71] considered a fluctuated expected lifetime of perishable products
during transportation due to unusual weather condition or
malfunction of transportation and storage facilities.
Drezner and Scott [67] studied an inventory and location decisions in a network with a single distributor and
multiple sales outlets for perishable products. Computational
experiments showed that the location of the distribution
center affects the inventory decisions significantly. Tsao [32]
considered the joint location, inventory, and preservation
decisions for a two-level supply chain with a supplier, a
wholesaler, and multiple distribution centres. Algorithms
were proposed to solve the nonlinear optimization models.
Dulebenets et al. [72] studied an intermodal freight network
design problem which deals with the decisions of production,
inventory, and transportation. The numerical cases show that
decaying cost significantly affects the transportation modes
and the associated distribution routing. Rashidi et al. [73]
formulated a biobjective mathematical model to optimize
the joint location-inventory decisions in a network for
perishable products. A Pareto-based metaheuristic approach
was proposed to solve the models. de Keizer et al. [74]
studied the network design problems for perishable products
under different product quality and delivery lead time. The
objective was to study the impacts of quality decay and its
heterogeneity on optimal network design strategies. They
used a mixed integer programming approach to formulate the
model, which is to maximize the total profit under quality
constraints. The results showed that heterogeneous product
quality decay has significant impacts on network design and
profitability.
3.3.4. Summary. In this subsection, the papers on food
products transportation problems are reviewed. In this area,
people often study the transportation problems with various
factors including product quality, product safety, transportation mode, preservation conditions, and multifirms’ coordination. In addition, in real practice, transportation planning
is often combined with inventory planning or network design
or both. As such, we presented a comprehensive review of
papers studying joint decisions of inventory-transportation
problems and network design-transportation problems.
3.4. Quality Based Pricing for Perishable Products. In this
subsection, we summarize the up-to-date research on pricing problems related to time-linked quality for perishable
products. Recently, customers are more concerned about
food safety and become more sensitive to food quality when
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purchasing food products. The demand for food products
is highly linked to food quality. Due to the nature of food
products, quality drops with time following a dynamic state.
Therefore, static pricing strategies may result in inappropriate
quality control and excessive inventories in food supply
chains. Many scholars did research on the dynamic pricing
strategies to help firms reduce waste and enhance profit and
food safety.
3.4.1. Models with Single Products and Homogenous Customer
Preferences. In today’s food supply chains, various technologies (e.g., ratio frequency identification technology (RFID)
and time temperature indicator (TTI)) can be adopted to capture product information (e.g., temperature, humidity, and
the time period) automatically. Thus, this kind of information
can be used to predict food quality and remaining shelf
life, which supports the decisions on inventory control and
pricing decisions. Besides, customers are often sensitive to
the product quality and they alter their purchasing decisions
toward products with different qualities.
Ferguson and Koenigsberg [75] established a two-period
model, considering product quality decline, quality dependent demand, and competition. The research aims to optimally determine the prices and inventory to maximize the
total profit. Blackburn and Scudder [76] studied supply chain
strategies together with pricing decisions based on perishable
products’ marginal-value-of-time (MVT). Sainathan [77]
studied the pricing and replenishment strategies for a perishable product with two-period lifetime when customers’ utility
is quality sensitive. In each period, new products and old
products were differently priced to maximize the total profit.
Wang and Li [78] proposed a real time quality based dynamic
pricing model for perishable foods in a supply chain with
quality sensitive customers. Compared to the static pricing
strategy, this quality-based pricing strategy helps reduce food
spoilage waste and bring more profit to the retailers. A real
case was also used to illustrate the results in the analytical
models.
Adenso-Dı́az et al. [79] proved that dynamic pricing can
significantly reduce the total waste of the perishable products,
as Wang and Li [78] demonstrated. However, the spoilage
reduction may come as a loss in total revenue that can vary
dramatically, depending on the scenario and the speed of
the price discount strategy. Also, based on the assumption
that retailers can utilize time-temperature-indicator-based
automatic devices, Herbon et al. [80] studied an optimal
dynamic pricing model considering product perishability
and customers’ satisfactions. Herbon and Khmelnitsky [81]
studied an integrated ordering and dynamic pricing model
for perishable products when customers are highly sensitive
to food quality. Unlike Wang and Li [78], they studied a
continuous dynamic problem rather than a discrete one. They
also showed that the efficiency of the dynamic approach
depends on the form of demand incorporated into the model.
3.4.2. Models Considering Product Differentiation. Product
differentiation is a factor that the retailers should consider
when they make ordering or pricing decisions. When product
lifetime is considered, products at different ages are different
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but still substitutable, which may affect customer purchasing
behaviors. Chew et al. [82] studied an integrated ordering
and dynamic pricing problem for a kind of perishable
product with multiperiod lifetime. The products at different
ages, mutually substitutable, are all available in the market.
The results showed that, under the assumption of product
substitutions, the retailer’s total profit increases significantly.
Chen et al. [83] studied a combined pricing and inventory
control problem considering product perishability with a
fixed shelf life over a finite horizon. Heuristic policies were
proposed to solve the models. In addition, they also proved
that their model is applicable when the product’s lifetime is
stochastic.
Herbon [84] also studied the pricing policies for a kind of
perishable product with different ages. The author compared
two strategies: fixed pricing and differentiated pricing. The
author found that an optimal pricing policy is to implement
price discrimination with respect to consumers’ sensitivity to
freshness, while dynamically changing the price over time,
starting with a lower price at the early stages of the product’s
shelf life and increasing it at a later stage. Hu et al. [85]
established a joint inventory and price markdown model
considering customers’ strategic behaviors. To reduce costs,
the firm can either choose to discard the leftover inventory
or set a clearance price. Li et al. [86] studied an inventory
control problem with clearance sales strategies and product
perishability. They proposed two myopic heuristics to solve
the problems with partial information.
3.4.3. Models Considering Heterogeneous Customer Preferences. Customers often have different valuations towards the
same kind of products with same quality. Such customer
heterogeneity on product quality for perishable products has
also been considered. Akçay et al. [87] studied a dynamic
pricing problem of a firm which sells multiple differentiated
products with linear random consumer utilities. Gallego and
Hu [88] studied a dynamic price competition problem in an
oligopolistic market when products perish over time. Herbon
[89] proposed a pricing model under consumer heterogeneity
in consumers’ sensitivity to freshness of a perishable product.
He compared the model with and without the consideration
of such heterogeneity. Also evaluated are the conditions in
which a dynamic pricing policy is beneficial either to the
retailer or to the consumer, as compared with a static pricing
policy.
In Herbon [90], customers were also assumed to be
heterogeneous in their sensitivity to freshness, that is, their
willingness to pay more for fresher products. A dynamic
pricing model was developed to evaluate the extent to which
both the retailer and the customers benefit from the dynamic
pricing policy as opposed to the static pricing policy. Herbon
[91] also studied a model with multiple competing perishables with different remaining lifetimes and selling prices.
It is found that when customers are homogeneous in their
preferences, single-product-age operational mode outperforms the multiple-product-age operational mode. Herbon
[92] studied an inventory and pricing model considering
customers’ heterogeneity towards the real time quality of the
perishable products. The effects of remaining shelf-life, price,
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and perceived quality on demand were investigated in their
models. Also, it is shown that highly heterogeneity can benefit
the sellers because more products will be sold. In addition,
Herbon [93] demonstrated that customer information is
crucial to determine firms’ pricing decisions for perishable
products and customers’ heterogeneous preference for product freshness.
3.4.4. Models Combined with Inventory Decisions. In many
situations, inventory policies and pricing policies are mutually affected in perishable food supply chains. Pasternack
[94] studied a pricing problem for a kind of perishable
product combined with customer returns. The author showed
that full credit provided by the manufacturer is effective
in coordinating the supply chain when there is a single
retailer. However it is not effective when facing multiple
retailers. Li et al. [95] studied the pricing problem together
with the inventory decisions in which price is linked to
demand and products have two-period lifetime. Li et al. [96]
assume that product perishability affects demand. Based on
this assumption, they studied the joint dynamic pricing and
inventory control problems for perishable products when the
seller cannot sell new and old products at the same time.
In each period, the seller determines to sell new products
and makes replenishment policies or to sell old products and
dispose of the inventory at the end of the period. The study
shows counterintuitive result that profit maximization does
not guarantee lower expirations.
Chen and Sapra [97] studied a joint pricing and inventory
decisions for a perishable product with two-period lifetimes.
They compared the first-in-first-out with first-in-last-out
strategies and found that bigger orders should be placed in
the FIFO system. Chung and Erhun [98] studied a two-level
supply chain coordination problem considering perishable
products with two periods of shelf life. Kaya and Polat [99]
studied a problem of jointly determining the optimal pricing
and inventory replenishment strategy for a deterministic
perishable inventory system in which demand is time and
price dependent. The price adjustment cost (also called Menu
cost) is considered when the seller changes its selling price
during the lifetime of the products. Chen et al. [100] also
considered Menu cost in their integrated dynamic inventory
and pricing decisions models. They found that when Menu
cost is moderate, a one-time price adjustment price policy
outperforms the multitime price adjustment policy. Chua et
al. [101] studied the optimal price discount and replenishment
policies for a perishable product with short lifetime and
uncertain demand.
3.4.5. Summary. In reality, customers are sensitive to the
food qualities. Thus, to ensure the profit gains, firms need
to provide more fresh products to customers. In the presented models, customers’ preference is directly linked to the
product quality in each instance. In the first part, researchers
studied the single product pricing problems with homogenous customers’ preference. Then models with multiple
products or multiple types of customers are presented. Lastly,
ordering decisions combined with pricing decisions are
reviewed.
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3.5. Quantitative Models of Food Traceability and Food Recall.
In this subsection, we discuss the quantitative models using
the information of traceability, which aims to improve product safety and helps firms reach financial targets. Food safety
crisis can happen at any stage of food supply chains. Food
traceability systems can record product attributes, such as
quality and safety parameters, which can be used to capture
information about ingredients, processing, storage, dates
(sell-by, use-by), and so on. When a food safety crisis occurs,
the sold products should be recalled from the customer to
mitigate the negative effects. Governments have realized the
importance of food traceability and built food traceability
system in many countries. For example, Hong et al. [102]
discussed the financial model for applying Radio Frequency
Identification (RFID) technology to a food traceability system
in Taiwan. In addition, food crisis can bring great loss to
enterprises. The application of traceability systems helps
avoid such loss by reducing the impacts of food crisis.
Required for regulatory and/or commercial purposes, they
have been widely used to resolve the issues of product recall
and food safety [103, 104].
The traceability systems not only improve social welfares,
but also contribute to firms’ financial benefits. Dupuy et al.
[105] studied an optimization problem for food products
under food quality risks and traceability systems. Under the
given information, using a dispersion strategy, the firms can
reduce the quantity of the recalled products, thus minimizing their costs. Their research showed that the traceability
systems help mitigate food risks to customers. Wang et al.
[106] studied an optimization problem considering food
traceability in a multilevel supply chain to achieve desired
product quality and minimizing the impact of product
recall in an economic manner. They showed that utilizing
traceability systems and traceability information contributes
to the reduction of food quality risks. Wang et al. [107] also
developed an integrated optimization model in which the
traceability factors are incorporated with operations factors
to determine the production batch size and batch dispersion.
Resende-Filho and Hurley [108] studied the impacts of
information asymmetry in a two-level supply chain with a
supplier and a retailer implementing a traceability system.
The retailer can offer payment to the supplier to induce its
food safety effort. They found that traceability based batch
dispersion can substitute for the retailer’s payments. They also
showed that mandatory implementation of the traceability
system may not lead to higher food safety, because it increases
the firms’ costs.
Piramuthu et al. [109] studied the recall problem in
a three-level food network in which the products have
contamination risks. They incorporated the long delay and
the inaccuracy properties of the contamination source identification in the optimization models. Comba et al. [110]
proposed an optimization model to manage perishable bulk
products under the use of traceability system. Although the
implementation of food traceability systems helps reduce
food safety risks in society, companies may hesitate to do so
if the recall cost or the traceability system implementation
cost is too high. For most companies, their first goal is to gain
financial benefits. As such, managers have to balance the cost
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incurred by food quality risks and that of recall of products
or the implementation of the traceability systems. Memon
et al. [111] proposed an integrated optimization model to
minimize the expected loss to shareholders in recall crisis
using batch dispersion methodology and taking into consideration recall costs. It is shown that higher traceability level
decreases the stakeholders’ losses due to recall but increases
operational cost. Zhu [112] demonstrated that significant
investment cost acts as a major obstacle for the diffusion
of traceability systems in the food industry. They studied
the economic outcomes for the implementation of a RFIDenabled traceability system in a two-level perishable food
supply chain. Considering customers’ perceptions of food
quality and safety when using the traceability system, they
proposed a dynamic pricing scheme, which helps reduce
waste and improve the seller’s performance. Dai et al. [113]
also studied the pricing and tracking capacity decisions
considering different levels of food tracking cost and recall
cost. Results show that there always exists a unique tracking
capability and retailing/wholesale price with closed-form
solutions to optimize the overall supply chain profit.
In summary, the application of traceability system can
help to optimize the recall strategies when food crisis happens, therefore enhancing food safety. In the quantitative
operations management models, when considering food
traceability and food recall, inventory planning strategies
[106, 107], transportation planning strategies [109], and marketing strategies [112, 113] will be changed. However, there is
limited research on this area and more works can be done.

4. Directions for Future Research
In this section we give our suggestions for some future
research topics. Although progress has been made in operations management that accounts for food quality in recent
years, there are still some challenges, which ought to be
overcome in future research.
First of all, in the research area of inventory planning
and transportation planning, more works should be done
to formulate and solve stochastic optimization problems. It
is widely agreed that demand can never be a deterministic
parameter in this fast changing world. However, among the
papers we reviewed, lots of them assume that demand is a
constant parameter, or a price/quality dependent parameter.
This assumption is quite unrealistic, which restricts the practicability of the proposed models. Although some papers have
studied stochastic problems, no breakthrough occurs during
the recent years. In this area, there are two directions for the
researchers. One direction is to formulate new mathematical
models to solve more realistic problems and solve them with
existing methods. Another way is to find new methods to
solve the stochastic models, which is more challenging and
more important for the improvement of this research area.
Next, supply chain disruption should be considered in
the existing models. Disruption can happen at any stage of
the food supply chain. It can happen either at the production
stage, or at the transportation stage due to various reasons
including weather changing, vehicle damaging, and machine
breakdown. Compared to normal products, disruption can
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even cause more severe damage in the food industry due to
the short lifetime of the food products. Because, when the
distribution is delayed, quality of the products will deteriorate
in a short time. The prevalence of supply chain disruption
in food supply chains makes it crucial to enterprises in the
decision-making process. However, supply chain disruption
is seldom incorporated in the reviewed studies. In the future,
one can reformulate the existing models by introducing
supply chain disruptions into one of the distribution phases
(inventory, transportation, and retailing) or into multiple
phases.
In addition, food quality should be modeled in more
practical ways. In the existing body of literature, food quality
decaying is roughly modeled and approximated with inaccurate parameters. The approximation does not guarantee the
applicability of the models to all products. In future research,
more realistic factors need to be considered in modeling
food quality in OM models, such as fast changing quality
status, chemical and microbial properties of the food, and
environmental conditions.
Furthermore, the forward distribution and backward
recall problems should be integrated. In the papers on distribution problems, some people studied the location problem.
Also, in the recall problems, the location of the recall point
also serves as a very important parameter. Therefore, when
designing a network, enterprises should consider the forward
and backward flows simultaneously. In the future, one can
formulate the models with both the distribution problems
and the recall problems jointly, with a goal to enhance the
firms’ benefit and the food safety.
Last, it is also a future research direction to incorporate
new product tracking or temperature control technologies.
With these new technologies, additional information will
be obtained and stored. This will lead to more advanced
decision-making on food quality, more precise inventory
control, and more efficient distribution systems.

5. Conclusions
In this paper, we have reviewed the operations management
research on food quality and safety. Unlike other disciplines
that study food quality, the Operations Management (OM)
field has focused on using optimization models to capture
the effects of important operational variables (e.g., inventory,
routing, and pricing) on both economic and social benefits.
In some studies, food quality is modeled as a constraint
to the storage or distribution time, while in others, it is
modeled as a decreasing parameter which depends on the
required preservation conditions or time. We classify the
literature into four categories, ranging from inventory decision for perishable food products, distribution problems for
perishable food products, and dynamic pricing decisions for
perishable food products to operations management for food
traceability and safety. Furthermore, we survey the research
contributions of the literature, discuss the up-to-date research
development, and identify challenges for further research
within each category. The importance of product quality is
reflected in the current research, in terms of both research
contributions and the variety of the methodologies used.
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The future research agenda is also proposed to enrich the
understanding of various kinds of operations management
decisions and food quality.
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Evaluating the quality risk level in the food supply chain can reduce quality information asymmetry and food quality incidents and
promote nationally integrated regulations for food quality. In order to evaluate it, a quality risk evaluation indicator system for the
food supply chain is constructed based on an extensive literature review in this paper. Furthermore, a mathematical model based
on the fuzzy comprehensive evaluation model (FCEM) and failure mode, effects, and criticality analysis (FMECA) for evaluating
the quality risk level in the food supply chain is developed. A computational experiment aimed at verifying the effectiveness and
feasibility of this proposed model is conducted on the basis of a questionnaire survey. The results suggest that this model can be
used as a general guideline to assess the quality risk level in the food supply chain and achieve the most important objective of
providing a reference for the public and private sectors when making decisions on food quality management.

1. Introduction
In 2016, the State Council of the People’s Republic of China
issued guidelines on food safety work. These provisions
emphasized improving the quality of edible agricultural products, strengthening risk prevention and control measures,
promoting quality management throughout the food supply
chain, and accelerating nationally integrated regulations for
food safety. These guidelines highlight China’s attention to
quality risk management in the food supply chain [1].
Food quality is defined as the access of all people to sufficient, safe, and nutritious food that meets their dietary needs
and food preferences for an active and healthy life [2, 3]. Food
quality covers a broad area that can be characterized by a set
of different risk factors [4–6], such as the agricultural conditions [7], production process [8], use of antimicrobials [9],
and consumer demand [10, 11]. These factors can be represented by various indicators such as environmental pollution,

microbial contamination, logistics, warehousing, and transportation. The risk indicators are related to the food supply
chain processes [12] and can be evaluated and documented
on the basis of imprecise inputs. The data of these processes
are imprecise and difficult to quantify since they pertain
to both the resilience of the food supply chain and the
consumer demand and supply channels such as retail outlets
and restaurants. Therefore, it is difficult to use traditional
data-based approaches to evaluate food quality. Addressing
this challenge requires the managers to develop some precise
methods for assessing the risk level of all factors in every link
of the food supply chain [13] and calculating them as a whole
[14]. Unfortunately, few related studies have been done.
The quality risk level of food is defined as the potential
hazard which is caused by unsafe practices in the food supply
chain. The uncertainty of the ability to acquire safe foods
is also called food insecurity and can be measured by the
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risk level of food quality [15]. And the quality risk level of
food security is an important problem related to the food
supply chain environment. One effective solution to solve this
problem is to build an evaluation indicator system based on
the fuzzy sets theory [16]. Several studies have considered
that building the indicator system is the first step in assessing
the quality risk, and many research results have been made,
such as in the case of Wang et al. who developed an index
system to evaluate the transparency of the supervision of food
safety in China as a prerequisite for an accurate evaluation
of the food safety risk level. Jie et al. analyzed the supply
chain performance of Australian cattle producers based on
food supply chain performance indicators [17]. Turi et al.
proposed aggregate indicators to assess the performance of
the food supply chain by considering economic, social, and
environmental development [18]. Nilsson et al. proposed total
quality indicators for the food production chain [19]. Salvo et
al. focused on the toxic inorganic pollutants in foods from
agricultural producing to evaluate the risks for consumers
[20]. In these studies, however, the evaluation objects were
only a single link not the whole food supply chain. Moreover,
the food quality risk supervision at the national level is missed
in these studies. Therefore, the existing literature cannot
provide an effective guidance for the quality risk evaluation
throughout the whole food supply chain, which means that
a comprehensive and systematic study on the area of quality
risk evaluation in the food supply chain is still missing.
Many affecting factors of the quality risk evaluation in the
food supply chain exhibit highly fuzzy uncertainty and cannot be analyzed quantitatively. Therefore, it is difficult to evaluate the level of quality risk by a single, defined management
criterion [21]. To address this fuzzy uncertainty problem, in
1965, Zadeh proposed the concept of fuzzy sets, which laid
the foundation for the application of the fuzzy comprehensive
evaluation model (FCEM) in risk management [22]. The
FCEM is a method to evaluate fuzzy mathematics, which can
transform a qualitative evaluation into a quantitative evaluation [23–25]. Combined with other methods, the greatest
feature of the FCEM is that it can integrate the intuition and
fuzziness of human thinking, thus circumventing the unity
of results required by traditional mathematical methods [26].
Therefore, the FCEM has become an effective multifactor
decision-making tool for comprehensive evaluations [27] and
real-word problem solving in areas such as international
relations [28], aircraft flight safety [29], swine building environment [23], health, safety, and environmental management
[30], regional water resources capacity [31], and teaching performance [32]. Therefore, in this paper, an FCEM for modeling these uncertainties and assessing food quality risk level
is developed to determine the overall food quality risk by
monitoring various independent risk factors and indictors in
the food supply chain.
The rest of this paper is structured as follows. Section 2
describes the construction of a quality risk evaluation indicator system that covers the whole food supply chain based on
an extensive literature review. Section 3 proposes an FCEM
for the quality risk evaluation of the food supply chain based
on FCEM and FMECA. Section 4 verifies the effectiveness
and feasibility of the model using a computational experiment, and Section 5 presents the conclusions.
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2. Quality Risk Evaluation
Indicator System for the Food
Supply Chain
To ensure the accuracy and effectiveness, a quality risk evaluation indicator system that covers the entirety of the food
supply chain should be established before evaluating food
quality risk. Existing research on this system has been very
limited. There is no ready-made quality risk evaluation indicator system for the food supply chain [13]. Here, the effective
approach to establishing the preliminary indicator framework is to analyze the existing literature and the laws and
regulations of food safety regulatory [58]. On this basis, the
quality risk evaluation indicator system for the food supply
chain can be built by the method which is based on the fuzzy
analytic hierarchy process (FAHP) proposed by Wang et al.
[59], shown as Table 1.
According to Table 1, the evaluation objects for quality
risk of the food supply chain can be generalized into five
categories: raw material supply risk [33–37]; production and
processing risk [34, 37–42]; logistics, warehousing, and transportation risk [40–46]; sales and consumption risk [42, 47–
51]; and government regulatory risk [52–57]. Raw material
supply; production and processing; logistics, warehousing,
and transportation; sales and consumption are the four different links of the food supply chain, while government regulations could affect every link of the food supply chain. The
connotations of each evaluation object could be described as
follows.
(1) Raw Material Supply Risk. The risk of raw material supply
involves the raw materials produced by human pollution,
natural pollution, and other factors that lead to pesticide
residues, pathogen pollution, and illegal additives during the
process of planting or breeding, which results in long-term or
short-term harm to human health [34]. Raw material supply
risk is a source of food quality risk, including soil pollution,
air pollution, water pollution, heavy metal pollution, illegal
use of additives, residual inputs, microbial contamination,
pathogenic bacteria pollution, and transgenic technology
risk.
(2) Production and Processing Risk. This risk arises when the
safety management and production environment during the
processes of production and packaging are not compliant
with regulations; this risk could lead to possible food contamination and illegal additives and produce potential safety
hazards to human health. As this link involves the food quality and safety in the whole food industrial chain, its impact
is relatively large. The main quality risk evaluation indicators
included in this link are illegal use of additives, contamination with foreign matter, inability to wash a food product
clean, presence of detergent residue, pathogen contamination, microbial contamination, uncertified processing equipment, nonstandardized processing personnel operation,
insufficient processing environment, insufficient processing
equipment, inappropriate packaging, insufficient packaging
quality, uncertified packaging logo, insufficient assurance of

Government regulatory risk

Sales and consumption risk

Logistics, warehousing, and
transportation risk

Production and processing risk

Raw material supply risk

Evaluation objects

Risk evaluation indicators
Soil pollution
Air pollution
Water pollution
Heavy metal pollution
Illegal use of additives
Residual inputs
Microbial contamination,
Pathogenic bacteria pollution
Transgenic technology risk
Illegal use of additives
Contamination with foreign matter
Inability to wash a food product clean
Presence of detergent residue
Pathogen contamination
Microbial contamination
Uncertified processing equipment
Nonstandardized processing personnel operation
Insufficient processing environment
Insufficient processing equipment
Inappropriate packaging
Insufficient packaging quality
Uncertified packaging logo
Insufficient assurance of personnel health
Quality inspection risk
Insufficient storage process
Inventory control technology
Intelligent temperature-control facilities
Transport vehicle sanitation
Cold chain hardware supporting facilities
Third-party logistics level
Partner technology platform convergence
Product portfolio storage transport
Cold chain logistics information transmission
Logistics road infrastructure
Illegal operation of Logistics transport personnel
Vehicle scheduling and monitoring information feedback
Selling expired food
Falsifying the date of production
False reporting of food ingredients
Poor sanitation in dining establishments
Poor sanitation conditions
Improper disposal of waste food
Poor sanitation in cooking facilities
Improper eating methods
Insufficient storage environment
Imperfect regulatory system
Supervisory staff level
Supervisor moral hazard
Supervision channels
Regulatory organization
Regulatory agency efficiency
Regulatory process management
Regulatory results feedback
Regulatory detection technology
Other risks

Table 1: Quality risk evaluation indicator system for the food supply chain.
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personnel health, quality inspection risk, and insufficient
storage process.
(3) Logistics, Warehousing, and Transportation Risk. The
logistics, warehousing, and transportation risk involves the
raw food materials and finished products containing harmful
substances or being subject to pollution or deterioration
during the process of transport or storage, which results in the
existence of potential safety hazards. In this paper, logistics,
warehousing, and transportation includes both the process
from the raw materials to production and the process from
the finished product to consumption. The indicators of this
evaluation objective include inventory control technology,
intelligent temperature-control facilities, transport vehicle
sanitation, cold chain hardware supporting facilities, thirdparty logistics level, partner technology platform convergence, product portfolio storage transport, cold chain logistics information transmission, logistics road infrastructure,
illegal operation of logistics transport personnel, vehicle
scheduling, and monitoring information feedback.
(4) Sales and Consumption Risk. The sales and consumption
risk involves food contamination, deterioration, and contamination with harmful substances due to expired shelf
life, food fraud, improper sales environments, or improper
consumption of food, which poses a potential hazard to
human health. The quality risk evaluation indicators in
this link include selling expired food, falsifying the date of
production, false reporting of food ingredients, poor sanitation in dining establishments, poor sanitation conditions,
improper disposal of waste food, poor sanitation in cooking
facilities, improper eating methods, and insufficient storage
environment.
(5) Government Regulatory Risk. In the food industry,
manufacturers may add chemical additives to augment the
appearance or the taste of food. This process may increase
food demand and sales profits but cause health problems
among consumers [53]. The government can take punitive
measures to regulate such risky behavior and benefit from the
tax income generated by the increased revenues arising from
such additives. An analysis of the current status of China’s
food quality regulations reveals that the quality risk evaluation indicators regarding government regulation include
imperfect regulatory system, supervisory staff level, supervisor moral hazard, supervision channels, regulatory organization regulatory, agency efficiency, regulatory process management, regulatory results feedback, and regulatory detection
technology.
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criteria and the influence factors and produce evaluation
results closer to the actual situation [62]. The typical FCEM
process could be shown in Figure 1.
Shown as Figure 1, the typical process of FCEM could be
divided into five stages; the main task in the 1st stage is to
establish a scientific set of indicators which is determined by
the situation of evaluation objective; this indicators set will
lay the foundation for the application of FCEM. In the 2nd
stage, the assessment comment set of evaluation objective and
the criterion used to reflect the standard of scoring should be
established and proposed; this will provide the data foundation for quantifying the results of assessment comment. Each
element in the set of indicators makes a different contribution to the realization of risk assessment; the weights of these
factors are important and different; therefore, in the 3rd stage,
the weight matrixes which are determined by the contribution of the evaluation objective should be built and measured.
There are many ways to build the weight matrix, such as
analytic hierarchy process (AHP), entropy, and FMECA;
the criterion for the selection of these methods is whether
the proposed method could satisfy the characteristics and
requirements of the evaluation objectives. In the 4th stage, a
fuzzy comprehensive assessment matrix which could reflect
the risk level of assessment objective should be established on
the basis of the construction results of weight matrixes. Combined with the assessment comment set, the fuzzy comprehensive assessment matrix, the value of the whole, and each
evaluation objective should be calculated in 5th stage, which
will provide a reference for managers to make risk management decisions.
3.2. Construction of the Food Quality Risk Evaluation Model
Using FCEM. The process of food quality risk evaluation in
the food supply chain is a typical FCEM process. According to
Section 3.1, using FCEM to evaluate the level of food quality
risk in the food supply chain could be divided into five stages:
(1) construct the food quality risk evaluation indicator set, (2)
establish the food quality risk assessment comment set, (3)
determine the weight matrix, (4) establish the comprehensive
assessment matrix, and (5) finalize the FCEM [63].
In the first stage, construct a food quality risk evaluation
indicator set 𝑄, which is composed of the evaluation objects
𝑄𝑖 and their corresponding evaluation indicators 𝑄𝑖𝑗 , shown
as follows:
𝑄 = { 𝑄1 , 𝑄... , 𝑄𝑖 , 𝑄... , 𝑄𝑛 } ,
𝑄𝑖 = {𝑄𝑖1 , . . . , 𝑄𝑖𝑗 , . . . , 𝑄𝑖𝑚 }

(1)

(𝑖 = 1, 2, . . . , 𝑛; 𝑗 = 1, 2, . . . , 𝑚) ,

3. Evaluation Model
3.1. Fuzzy Comprehensive Evaluation Method. FCEM is a
method based on the membership degree theory in fuzzy
mathematics, which transform the qualitative evaluation into
quantitative evaluation [27, 60, 61]. It has now become an
effective multifactor decision-making tool for comprehensive
evaluation. Combined with experts grading method, FCEM
can make a full reflection on the fuzziness of evaluation

where 𝑄 is the food quality risk evaluation indicator set, 𝑛
is the number of evaluation objects, 𝑄𝑖 (𝑖 ∈ [0, 𝑛]) is the 𝑖th
evaluation object, 𝑄𝑖𝑗 is the 𝑗th food quality risk evaluation
indicator of 𝑄𝑖 , and 𝑚 is the number of food quality risk evaluation indicators in 𝑄𝑖 .
In the second stage, establish the food quality risk
assessment comment set L to describe the fuzzy logic relationship among different indicators. Here, L is a collection

Journal of Food Quality

5

The 1st
stage

Construct the set of evaluation indicators
Q = {Q1 , Q2 , Q3 , Q... , Qn }

Determined by the situation
of evaluation objective

Input
Q1

Q2

Q...

The 2nd
stage

Assessment
comment

Assessment
comment

Assessment
comment

Propose the evaluation
and assessment standards

The 3rd
stage

Weight matrixes

Weight matrixes

Weight matrixes

Determined by the
contribution of evaluation
objective

The 4th
stage

Comprehensive
assessment
matrix

Comprehensive
assessment
matrix

Comprehensive
assessment
matrix

Reflect the risk level of
evaluation objective

Output
The 5th
stage

Finalize the results of evaluation

Calculate the level of
whole evaluation objective

Figure 1: The application stage of FCEM.

of five comments used to evaluate the food quality risk level
according to the criterion of the FCEM, shown as follows:
L = { ℓ1 , ℓ2 , ℓ3 , ℓ4 , ℓ5 } ,

(2)

where L is the food quality risk assessment comment set
and ℓ1 , ℓ2 , ℓ3 , ℓ4 , and ℓ5 are the comments representing the
food quality risk levels of “Terrible,” “Unacceptable,” “Fair,”
“Acceptable,” and “Desirable.” These levels are represented by
scores of 1, 2, 3, 4, and 5. The risk assessment comment set L
can be expressed as follows:
L = { 1, 2, 3, 4, 5} .

(3)

of these indicators are different. The assessment index weights
vector can be determined by
𝑊 = { 𝑊1 , 𝑊2 , . . . , 𝑊𝑖 , . . . , 𝑊𝑛 }

(𝑖 = 1, 2, . . . , 𝑛) ,


𝑊𝑖 = { 𝑊𝑖1 , 𝑊𝑖2 , . . . , 𝑊𝑖𝑗 , . . . , 𝑊𝑖𝑚
}

(𝑖 = 1, 2, . . . , 𝑛; 1 ≤ 𝑗 ≤ 𝑚) ,

(5)

𝑛

∑ 𝑊𝑖 = 1,
𝑖=1
𝑚

∑ 𝑊𝑖𝑗 = 1,

𝑗=1

According to this criterion, the fuzzy comprehensive
evaluation matrixes 𝑅 and 𝑅𝑖 (𝑖 = 1, 2, . . . , 𝑛) can be
determined by
𝑟𝑖11
{
{
{
{
{
𝑟𝑖21
{
{
{
𝑅𝑖 = { 𝑟𝑖31
{
{
{
{
...
{
{
{
{𝑟𝑖𝑚1

𝑟𝑖12 𝑟𝑖13 𝑟𝑖14 𝑟𝑖15 }
}
}
}
𝑟𝑖22 𝑟𝑖23 𝑟𝑖24 𝑟𝑖25 }
}
}
}
𝑟𝑖32 𝑟𝑖33 𝑟𝑖34 𝑟𝑖35 } ,
}
}
}
... ... ... ... }
}
}
}
𝑟𝑖𝑚2 𝑟𝑖𝑚3 𝑟𝑖𝑚4 𝑟𝑖𝑚5 }

(4)

where 𝑅 = {𝑅1 , 𝑅, . . . , 𝑅𝑖 } and 𝑅𝑖 (𝑖 = 1, 2, . . . , 𝑛) are the fuzzy
comprehensive evaluation matrixes of 𝑄 and 𝑄𝑖 . 𝑟𝑖𝑚𝑘 (𝑘 =
1, 2, 3, 4, 5) is the comment level of 𝑄𝑖𝑚 .
In the third stage, determine the weight matrixes 𝑊 and
𝑊𝑖 . Different elements in sets 𝑄 and 𝑄𝑖 provide different contributions to the level of food quality risk. Thus, the weights

where 𝑊 and 𝑊𝑖 are the weight vectors of food quality risk

evaluation objects and indicators. 𝑊𝑖 and 𝑊𝑖𝑚
are the weights

of 𝑄𝑖 and 𝑄𝑖𝑚 . The values of 𝑊𝑖 and 𝑊𝑖𝑚 can be calculated by
the method of FMECA.
In the fourth stage, establish the comprehensive assessment matrix 𝑉 to reflect the food quality risk level of each evaluation objective by
𝑉 = W ∘ X𝑇 ,

(6)

𝑋 = (𝑋1 , 𝑋2 , . . . , 𝑋𝑖 ) ,

(7)

𝑋𝑖 = 𝑊𝑖 × 𝑅𝑖 ,

(8)

where 𝑉 is the fuzzy comprehensive assessment matrix that
can reflect the food quality risk level of the evaluation
objective, 𝑋𝑖 is the fuzzy comprehensive assessment matrix
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of 𝑄𝑖 , and 𝑋 is the fuzzy comprehensive assessment matrix
set.
Finally, finalize the FCEM. Recording the food quality
risk level and each evaluation objective as 𝑌 and 𝑌 , combined
with L, 𝑉, and 𝑋𝑖 , the values of 𝑌 and 𝑌 can be calculated
by
𝑌 = L ⋅ 𝑉𝑇 ,
𝑌 = (𝑌1 , 𝑌2 , . . . , 𝑌𝑖 ) ,

(9)

𝐶𝑖 ∈ [1, 5]. The principles of expert evaluation are shown as
(11)–(14).
1
{
{
{
{
𝑂𝑖 = {5
{
{
{
{𝑜𝑖

1
{
{
{
{
𝑆𝑖 = {5
{
{
{
{𝑠𝑖



where 𝑌 and 𝑌𝑖 are the food quality risk levels of 𝑄 and 𝑄𝑖 . 𝑌
is the set of 𝑄𝑖 s’ food quality risk levels. According to (9), the
food quality risk levels of 𝑄 and 𝑄𝑖 can be obtained.

𝑊𝑖 =
𝑊𝑖𝑗

=

𝑂𝑖 × 𝑆𝑖 × 𝐷𝑖
,
𝐶𝑖
𝑂𝑖𝑗 × 𝑆𝑖𝑗 × 𝐷𝑖𝑗
𝐶𝑖𝑗

𝑊
𝑊𝑖 = 𝑛 𝑖  ,
∑𝑖=1 𝑊𝑖
𝑊𝑖𝑗 =

𝑊𝑖𝑗


∑𝑚
𝑗=1 𝑊𝑖𝑗

highest probability

(11)

otherwise,

where 1 < 𝑜𝑖 < 5. The higher the value of 𝑜𝑖 , the higher the
probability of 𝑄𝑖 .

𝑌𝑖 = L ⋅ 𝑋𝑖 𝑇 ,

3.3. Determinants of the Weight Vectors Using FMECA.
According to Section 3.2, when applying the FCEM to evaluate the food quality risk level, the weight of indicator is
very important. Generally, the weights of indicators during
the application of the FCEM are usually given based on the
experience of various experts, which leads to the limitation
of subjectivity. To reduce this subjectivity, this paper takes
the FMECA as the method to determine the weight vectors
of evaluation indicators.
FMECA is a safety and reliability analysis tool, which
has been widely used for the identification of system/process
potential failures, their causes, and consequences. This
method focuses on “discussions before system failure” per the
notion that “prevention is better than cure” [64]. FMECA
provides an appropriate method to determine the weights of
the elements depending on the occurrences of food quality
risk parameters, their severity, the detection, and ability to
control or compensate for the loss after a failure [64]. According to the FMECA, the weights of the indicators can be calculated by

lowest probability

slightest severity
worst severity

(12)

otherwise,

where 1 < 𝑠𝑖 < 5. The higher the value of 𝑠𝑖 , the worse the
severity after the occurrence of 𝑄𝑖 .
1
{
{
{
{
𝐷𝑖 = {5
{
{
{
{𝑑𝑖

highest likelihood of detection
lowest likelihood of detection

(13)

otherwise,

where 1 < 𝑑𝑖 < 5. The higher the value of 𝑑𝑖 , the lower the
likelihood of detection of 𝑄𝑖 .
𝐶𝑖
1
{
{
{
{
= {5
{
{
{
{𝑐𝑖

most difficult to control or compensate for the loss
least difficult to control or compensate for the loss

(14)

otherwise,

where 1 < 𝑐𝑖 < 5. The higher the value of ℎ𝑖 , the easier to
control or compensate for the loss after the occurrence of 𝑄𝑖 .

∈
According to (11)-(12), 𝑊𝑖 ∈ [0.2, 125]and 𝑊𝑖𝑚
[0.2, 125]. Then, the weights of different elements 𝑊𝑖 and 𝑊𝑖𝑚

can be obtained after normalizing 𝑊𝑖 and 𝑊𝑖𝑚
by (13)-(14).

4. Computational Experiment and Results
,
(10)

,

where 𝑊𝑖 is the cross-sectional area of the evaluation object
𝑄𝑖 and 𝑊𝑖𝑗 is the cross-sectional area of the evaluation
indicator 𝑄𝑖𝑗 . 𝑂𝑖 is the occurrence probability of 𝑄𝑖 . 𝑆𝑖 is the
severity after the occurrence of 𝑄𝑖 . 𝐷𝑖 is the likelihood of
detection of 𝑄𝑖 , and 𝐶𝑖 is the ability to control or compensate
for the loss following the occurrence of 𝑄𝑖 . The values of 𝑂𝑖 ,
𝑆𝑖 , 𝐷𝑖 , and 𝐶𝑖 can be obtained by the experts grading method
(EGM), where 𝑂𝑖 ∈ [1, 5], 𝑆𝑖 ∈ [1, 5], 𝐷𝑖 ∈ [1, 5], and

Henan is an important province of China, with a population
of 107.22 million in 2017, accounting for 7.8% of China’s
total population. Thus, Henan plays an important role in
China’s food consumption. Food quality directly affects people’s health and economic development; therefore, improving
food quality and safety and making the food chain more
ecofriendly are the development goals pursued by Henan
Province. However, Henan is a large agricultural province;
the food supply chain from farm to fork includes so many
links such as raw material supply, production and processing,
logistics, warehousing and transportation, and sales and
consumption. In such a food supply chain, there are many
risk factors that could affect the food quality level at each
link. The probability of occurrences and the severity of each
occurrence are uncertain; thus, identifying the risk factors
and evaluating the risk level of each link in the food supply
chain are the prerequisite for controlling the food quality.
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This issue aligns with the problem addressed by the model
proposed in this paper. Therefore, the food supply chain of
the Henan Province (FSCHP) is taken as a computational
experiment to introduce the process of food quality risk
evaluation in order to verify the validity and effectiveness of
the proposed model.
According to Table 1 and the process of risk evaluation
described in Section 3.2, the risk evaluation indicator set of
FSCHP 𝑄 can be constructed as shown in Table 2.
In Table 2, 𝑄 is the risk evaluation indicator set of FSCHP.
𝑛 is the number of evaluation objects in 𝑄, in which 𝑛 = 5.
𝑄𝑖 (𝑖 ∈ [1, 𝑛]) is the 𝑖th evaluation object, 𝑄𝑖𝑗 is the 𝑗th
risk evaluation indicator of 𝑄𝑖 , and 𝑚 is the number of risk
evaluation indicators. As shown in Table 2, the number of
FSCHP’s risk evaluation indicators is
9,
{
{
{
{
{
{
16,
{
{
{
{
{
𝑚 = {11,
{
{
{
{
{
{
9,
{
{
{
{
{10,

𝑖=1
𝑖=2
𝑖=3

(15)

𝑖=4
𝑖 = 5.

According to the criterion of FCEM and (2), the risk
assessment comment set of FSCHP L can be established,
where L = {ℓ1 , ℓ2 , ℓ3 , ℓ4 , ℓ5 } = {1, 2, 3, 4, 5}. To aggregate
the risk assessment comments of the FSCHP and establish
the fuzzy comprehensive evaluation matrixes 𝑅 and 𝑅𝑖 (𝑖 =
1, 2, . . . , 𝑛), a questionnaire survey was designed (shown
as Appendix A). The objectives of this survey included
five categories of respondents—farmers, food processing
enterprises, logistics and warehousing enterprises, retailers
and consumers, and government regulators—to ensure the
accuracy of the survey results. A total of 1000 questionnaires
were issued, and 898 were returned, which included 22
unfinished and 27 identical questionnaires; these 49 questionnaires were considered invalid according to the statistical
principles. Thus, 849 questionnaires were considered valid
and completed questionnaires. The recovery rate and the
valid questionnaire rate were 89.8% and 84.9%. Therefore, the
results of this survey are robust and effective and thus can be
used for further analyses.
According to the results of the assessment comments of
the risk evaluation indicators, the fuzzy comprehensive evaluation matrixes of evaluation objects 𝑄 can be constructed.
Here, this paper takes the evaluation object 𝑄2 (𝑄2 was
selected because the number of risk evaluation indicators of
𝑄2 is the highest) as an example to introduce the calculation
process of the fuzzy comprehensive evaluation matrix 𝑅2 .
By analyzing the results of the survey questionnaires,
the assessment comment of evaluation objective 𝑄2 can be
obtained, as shown in Table 3.
In Table 3, the level of comment of risk evaluation indicator 𝑄𝑖𝑚 can be calculated by 𝑟𝑖𝑚𝑘 = Frequency(𝑄𝑖𝑚𝑝𝛼 )/
∑5𝛼=1 Frequency(𝑄𝑖𝑚𝑝𝛼 ), where Frequency(𝑄𝑖𝑚𝑝𝛼 ) is the

number of times that the objectives of this questionnaire
survey scored 𝑄𝑖𝑚 as 𝑝𝛼 (𝛼 = 1, 2, 3, 4 or 5). Then, the fuzzy
comprehensive evaluation matrix 𝑅2 can be established as
follows:
𝑟211 𝑟212
[
[ 𝑟221 𝑟222
[
[
𝑅2 = [
[ 𝑟231 𝑟232
[
[ ⋅⋅⋅ ⋅⋅⋅
[

⋅ ⋅ ⋅ 𝑟215

]
⋅ ⋅ ⋅ 𝑟225 ]
]
]
⋅ ⋅ ⋅ 𝑟235 ]
]
]
⋅⋅⋅ ⋅⋅⋅ ]
]

[𝑟2𝑚1 𝑟2𝑚2 ⋅ ⋅ ⋅ 𝑟2𝑚5 ]
0.065
[
[0.094
[
[
[0.096
[
[
[0.085
[
[
[0.047
[
[
[
[0.045
[
[
[0.065
[
[
[0.071
[
=[
[0.067
[
[
[0.087
[
[
[0.243
[
[
[
[0.249
[
[
[0.174
[
[
[0.176
[
[
[0.185
[

0.225 0.337 0.273 0.100

]
0.243 0.360 0.235 0.069]
]
]
0.283 0.382 0.168 0.071]
]
]
0.232 0.342 0.255 0.087]
]
]
0.200 0.306 0.284 0.163]
]
]
]
0.236 0.335 0.266 0.118]
]
]
0.232 0.349 0.268 0.087]
]
]
0.245 0.357 0.259 0.067]
]
].
0.236 0.333 0.277 0.087]
]
]
0.272 0.362 0.233 0.047]
]
]
0.312 0.275 0.126 0.045]
]
]
]
0.298 0.268 0.135 0.049]
]
]
0.229 0.340 0.168 0.089]
]
]
0.285 0.284 0.182 0.073]
]
]
0.236 0.280 0.199 0.100]
]

(16)

[0.214 0.241 0.355 0.108 0.082]
Similarly, the fuzzy comprehensive evaluation matrix of
the other evaluation objects 𝑅1 , 𝑅3 , 𝑅4 , and 𝑅5 can be
established as follows:
0.056
[
[0.232
[
[
[0.122
[
[
[0.241
[
[
[
𝑅1 = [0.220
[
[
[0.065
[
[
[0.118
[
[
[0.038
[
[0.053

0.225 0.346 0.224 0.149

]
0.310 0.275 0.088 0.096]
]
]
0.283 0.384 0.090 0.120]
]
]
0.310 0.277 0.079 0.094]
]
]
0.289 0.317 0.077 0.098]
],
]
]
0.236 0.344 0.215 0.140]
]
]
0.274 0.386 0.095 0.127]
]
]
0.238 0.360 0.217 0.147]
]
0.205 0.271 0.277 0.194]

Government regulatory risk 𝑄5

Sales and consumption risk 𝑄4

Logistics, warehousing, and transportation risk 𝑄3

Production and processing risk 𝑄2

Raw material supply risk 𝑄1

Evaluation object 𝑄𝑖

Risk evaluation indicators 𝑄𝑖𝑗
Soil pollution 𝑄11
Air pollution 𝑄12
Water pollution 𝑄13
Heavy metal pollution 𝑄14
Illegal use of additives 𝑄15
Residual inputs 𝑄16
Microbial contamination 𝑄17
Pathogenic bacteria pollution 𝑄18
Transgenic technology risk 𝑄19
Illegal use of additives 𝑄21
Contamination with foreign matter 𝑄22
Inability to wash a food product clean 𝑄23
Presence of detergent residue 𝑄24
Pathogen contamination 𝑄25
Microbial contamination 𝑄26
Uncertified processing equipment 𝑄27
Nonstandardized processing personnel operation 𝑄28
Insufficient processing environment 𝑄29
Insufficient processing equipment 𝑄210
Inappropriate packaging 𝑄211
Insufficient packaging quality 𝑄212
Uncertified packaging logo 𝑄213
Insufficient assurance of personnel health 𝑄214
Quality inspection risk 𝑄215
Insufficient storage process 𝑄216
Inventory control technology 𝑄31
Intelligent temperature-control facilities 𝑄32
Transport vehicle sanitation 𝑄33
Cold chain hardware supporting facilities 𝑄34
Third-party logistics level 𝑄35
Partner technology platform convergence 𝑄36
Product portfolio storage transport 𝑄37
Cold chain logistics information transmission 𝑄38
Logistics road infrastructure 𝑄39
Illegal operation of logistics transport personnel 𝑄310
Vehicle scheduling and monitoring information feedback 𝑄311
Selling expired food 𝑄41
Falsifying the date of production 𝑄42
False reporting of food ingredients 𝑄43
Poor sanitation in dining establishments 𝑄44
Poor sanitation conditions 𝑄45
Improper disposal of waste food 𝑄46
Poor sanitation in cooking facilities 𝑄47
Improper eating methods 𝑄48
Insufficient storage environment 𝑄49
Imperfect regulatory system 𝑄51
Supervisory staff level 𝑄52
Supervisor moral hazard 𝑄53
Supervision channels 𝑄54
Regulatory organization 𝑄55
Regulatory agency efficiency 𝑄56
Regulatory process management 𝑄57
Regulatory results feedback 𝑄58
Regulatory detection technology 𝑄59
Other risks 𝑄510

Table 2: Risk evaluation indicator set of FSCHP 𝑄.
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Table 3: Assessment comment of evaluation objective 𝑄2 .
𝑃1

𝑃2

𝑃3

𝑃4

𝑃5

Illegal use of additives 𝑄21

58

202

303

245

90

Risk evaluation indicators

Frequency

Comment

Production and processing risk 𝑄2
Contamination with foreign matter 𝑄22

84

218

323

211

62

Inability to wash a food product clean 𝑄23

86

254

343

151

64

Presence of detergent residue 𝑄24

76

208

307

229

78

Pathogen contamination 𝑄25

42

180

275

255

146

Microbial contamination 𝑄26

40

212

301

239

106

Uncertified processing equipment 𝑄27

58

208

313

241

78

Nonstandardized processing personnel operation 𝑄28

64

220

321

233

60

Insufficient processing environment 𝑄29

60

212

299

249

78

Insufficient processing equipment 𝑄210

78

244

325

209

42

Inappropriate packaging 𝑄211

218

280

247

113

40

Insufficient packaging quality 𝑄212

224

268

241

121

44

Uncertified packaging logo 𝑄213

156

206

305

151

80

Insufficient assurance of personnel health 𝑄214

158

256

255

163

66

Quality inspection risk 𝑄215

166

212

251

179

90

Insufficient storage process 𝑄216

192

216

319

97

74

0.105
[
[0.114
[
[
[0.067
[
[
[0.127
[
[
[0.120
[
[
𝑅3 = [
[0.116
[
[0.176
[
[
[0.096
[
[
[0.105
[
[
[0.203
[
[0.038

0.134 0.311 0.253 0.198

0.067
[
[0.047
[
[
[0.076
[
[
[0.145
[
[
𝑅4 = [
[0.071
[
[0.069
[
[
[0.040
[
[
[0.042
[
[0.022

0.232 0.358 0.268 0.080

0.220 0.324 0.190
0.176 0.237 0.313
0.247 0.322 0.175
0.23 0.326 0.186
0.227 0.326 0.175
0.247 0.297 0.146
0.209 0.317 0.210
0.209 0.322 0.202
0.256 0.239 0.170
0.238 0.360 0.219

]
0.151]
]
]
0.207]
]
]
0.129]
]
]
0.145]
]
]
0.156]
],
]
0.134]
]
]
0.167]
]
]
0.163]
]
]
0.131]
]
0.145]

]
0.203 0.306 0.284 0.160]
]
]
0.234 0.342 0.262 0.087]
]
]
0.321 0.291 0.175 0.069]
]
]
0.243 0.367 0.259 0.069]
],
]
0.238 0.329 0.277 0.087]
]
]
0.214 0.362 0.280 0.105]
]
]
0.225 0.335 0.277 0.120]
]
0.194 0.268 0.326 0.189]

0.062
[0.151
[
[
[0.069
[
[0.049
[
[0.145
[
𝑅5 = [
[0.047
[
[0.045
[
[0.120
[
[
[0.116
[0.045

0.236
0.261
0.234
0.176
0.292
0.241
0.243
0.272
0.267
0.216

0.346
0.353
0.331
0.373
0.277
0.360
0.369
0.389
0.391
0.355

0.271
0.168
0.280
0.326
0.222
0.206
0.188
0.092
0.092
0.235

0.085
0.067]
]
]
0.087]
]
0.076]
]
0.065]
]
].
0.147]
]
0.156]
]
0.127]
]
]
0.134]
0.149]
(17)

Weight vectors are very important in determining the
food quality risk level and can be calculated by FMECA
according to Section 3.3. To calculate the weights of evaluation objects and risk indicators, five experts on food quality
risk management were invited to score the values of 𝑂𝑖 , 𝑆𝑖 ,
𝐷𝑖 , and 𝐶𝑖 with the principles of (11)–(14) (the scoring table is
shown in Appendix B). The scoring results of the evaluation
objects are shown in Table 4. Taking the average as the final
score, the weights of evaluation objects 𝑊𝑖 can be obtained
according to (10):
𝑊 = [𝑊1 , 𝑊2 , 𝑊3 , 𝑊4 , 𝑊5 ]
= [0.0925, 0.191, 0.243, 0.284, 0.190] .

(18)

Similarly, the weights of risk evaluation indicator 𝑊𝑖 can
be calculated:
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𝑊1 = [𝑊11
, . . . , 𝑊19
] = [0.119, 0.143, 0.106, 0.104, 0.180, 0.060, 0.136, 0.092, 0.060] ,

𝑊2

=[



𝑊21
, . . . , 𝑊28
,

0.050, 0.133, 0.158, 0.033, 0.041, 0.027, 0.052, 0.055,
]
=
[
],


0.031, 0.037, 0.075, 0.035, 0.065, 0.063, 0.042, 0.102
, . . . , 𝑊216
𝑊29



𝑊3 = [𝑊31
, . . . , 𝑊311
] = [0.044, 0.089, 0.049, 0.086, 0.165, 0.186, 0.063, 0.177, 0.055, 0.025, 0.059] ,

(19)



, . . . , 𝑊412
] = [0.152, 0.085, 0.055, 0.184, 0.162, 0.086, 0.054, 0.065, 0.156] ,
𝑊4 = [𝑊41


, . . . , 𝑊510
] = [0.124, 0.149, 0.090, 0.078, 0.053, 0.123, 0.048, 0.148, 0.104, 0.083] .
𝑊5 = [𝑊51

According to (8), the fuzzy comprehensive assessment
matrix of evaluation objects can be calculated:
𝑋1 = [0.144, 0.271, 0.330, 0.133, 0.122] ,
𝑋2 = [0.128, 0.255, 0.338, 0.200, 0.079] ,
𝑋3 = [0.112, 0.219, 0.317, 0.197, 0.155] ,

0.206
[
]
[0.214]
[
]
[
]
𝑌 = L ⋅ 𝑉𝑇 = [1 2 3 4 5] ⋅ [0.215] = 3.273,
[
]
[0.225]
[
]
[0.219]

(20)
𝑌1 = L ⋅ 𝑋1 𝑇

𝑋4 = [0.071, 0.241, 0.322, 0.262, 0.105] ,
𝑋5 = [0.089, 0.246, 0.359, 0.198, 0.108] .
According to (6)-(7), the fuzzy comprehensive assessment matrix 𝑉 can be established:

𝑌2 = 2.847,
𝑌3 = 3.065,
𝑌5 = 2.990.

= [0.0925 0.191 0.243 0.284 0.190]
0.271 0.330 0.133 0.122

(22)

𝑌4 = 3.089,

𝑋1
[ ]
[𝑋2 ]
[ ]
[ ]
𝑇
𝑉 = 𝑊 ∘ 𝑋 = 𝑊 ∘ [𝑋3 ]
[ ]
[𝑋 ]
[ 4]
[𝑋5 ]

0.144
[
[0.128
[
[
[
∘ [0.112
[
[
[0.071
[

0.144
[
]
[0.271]
[
]
[
]
= [1 2 3 4 5] ⋅ [0.330] = 2.819,
[
]
[0.133]
[
]
[0.122]

(21)

]
0.255 0.338 0.200 0.079]
]
]
0.219 0.317 0.197 0.155]
]
]
]
0.241 0.322 0.262 0.105]
]
[0.089 0.246 0.359 0.198 0.108]

= [0.206 0.214 0.215 0.225 0.219] .
According to (9), the level of FSCHP’s food quality risk 𝑌
and the level of evaluation objects 𝑌𝑖 can be calculated:

The food quality risk levels of evaluation objects are
shown in Figure 2.
According to the calculation results, the risk level of
FSCHP’s food quality 𝑌 is 3.273. This means that the risk
level of FSCHP is much higher than the average level of risk
comments of 2.5, more than 30.29%; it indicates that the
risk level of FSCHP’s food quality is relatively higher and
requires scientific management in the process of supply chain
management.
In Figure 2, the value of FSCHP’s food quality risk
assessment in descending order is sales and consumption
risk 𝑄4 ; logistics, warehousing, and transportation risk 𝑄3 ;
government regulatory risk 𝑄5 ; production and processing
risk 𝑄2 ; raw material supply risk 𝑄1 . Comparing the calculation results, the conclusion that the risk levels of sales
and consumption risk 𝑄4 and logistics, warehousing and
transportation risk 𝑄3 , which are similar and equal to 3.09
and 3.06, are the highest two of the risk evaluation of FSCHP
could be obtained. Meanwhile, the values of other indictors in
FSCHP’s quality risk 𝑄5 , 𝑄2 , and 𝑄1 which are equal to 2.99,
2.85, and 2.82 can be also obtained; these values are 3.25%,

𝑄5

𝑄4

𝑄3

𝑄2

𝑄1

𝑄

𝑂
𝑆
𝐷
𝐶
𝑊1
𝑂
𝑆
𝐷
𝐶
𝑊2
𝑂
𝑆
𝐷
𝐶
𝑊3
𝑂
𝑆
𝐷
𝐶
𝑊4
𝑂
𝑆
𝐷
𝐶
𝑊5

√

1

√

√

√

√

10

10

6

√

7.5

3
√

√

√

√

√

√

√

√

√

√

√

√

Scored by 1st expert
2
3
4
5
√
√
√

1

√
√

√
√
20

√
20

√
26.67
√

15

√

3

√

√

√
√

√

√

√

√

√

Scored by 2nd expert
2
3
4
5
√
√

√

√

1

√
√

√
6.67

15

√

√
6.67

√

√

√

√

√

Scored by 3rd expert
2
3
4
5
√
√
√
√
12
√
√
√
√
12

√

1

√
10

√
20

6
√

√

√

√

√

√

Scored by 4th expert
2
3
4
5
√
√
√
√
2.4
√
√
√
√
10
√
√
√

Table 4: Values of 𝑂𝑖 , 𝑆𝑖 , 𝐷𝑖 , and 𝐶𝑖 scored by five experts.
1

Scored by 5th expert
2
3
4
5
√
√
√
√
6
√
√
√
√
10
√
√
√
√
24
√
√
√
√
16
√
√
√
√
7.5

10.83

16.20

13.87

10.90

5.28

Average
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3.08923955

3.1
3.05
3
2.95
2.9
2.85
2.8
2.75
2.7
2.65

3.064755443
2.990072697

2.846845822
2.819402507

Q1

Q2

Q3

Q4

Q5

Figure 2: Food quality risk levels of evaluation objects.

7.77%, and 8.74% lower than the highest evaluation object 𝑄4 .
Analyzing this phenomenon, we can find that the reason
why the risk levels of sales and consumption risk and the
logistics, warehousing, and transportation risk are the highest
is because there are too many uncontrollable factors such as
cold chain hardware supporting facilities, cold chain logistics
information transmission, poor sanitation in cooking facilities, and poor sanitation in dining establishments existing
in these management processes, and the standard of them
is missing or implemented poorly or supervised poorly. The
results are consistent with the actual situation of the FSCHP.
Therefore, if managers want to control the food quality risk of
the FSCHP effectively, sales and consumption and the logistics, warehousing, and transportation are the key factors that
should be addressed first. What is more, seen from Figure 2,
we can find that the raw material supply risk 𝑄1 in FSCHP
is the lowest, which is because Henan is one of the largest
agricultural provinces in China, and in order to improve the
food quality, the standardized food cultivation model has
been promoted and accepted by all farmers, which makes a
great contribution to achieving the goal of controlling the
food quality from its source [65].
Through the statistical analysis of the existing literature,
it can be found that a lot of studies have been carried out to
explore food quality in the food supply chain, such as Fearne,
Hornibrook, and Dedman who conducted two exploratory
case studies of retailer-led quality assurance schemes (QAS)
for beef in Germany and Italy and found that QAS have the
potential to reduce perceived risk and increase consumer
confidence in specific fresh beef products [66]; Ting et al.
took the quality sustainability in the food supply chain as research object and proposed a supply chain quality sustainability decision support system to support managers in food
manufacturing firms to define good logistics plans in order to
maintain the quality and safety of food products [67]; Chen
et al. presented a mutually supporting analytical model and
exploratory case to study the managerial and policy issues
related to quality control in food supply chain management
with a focus on the Chinese dairy industry and discussed
numbers of important managerial and policy insights and
implications in managing the global food supply chain
quality and risk [68]. These studies and findings have already
provided a valid reference for controlling the food quality in
the supply chain food; however, many of them are focused on

the quality or risk control in a single link [66, 67] or some
independent aspects [68] in the food supply chain, which
could only provide a basis for the quality and risk management of the single or independent aspect not the whole food
supply chain. Compared with these literatures, the evaluation model proposed in our paper based on the FCEM and
FMECA can be used as a general guideline to assess the
quality risk level of the food supply chain as a whole by the
integration of all links in the food supply chain; what is more,
it can achieve the most important objective by measuring and
sorting the risk level of different links. These superiorities,
which could be obtained by comparing with other methods,
not only could reflect the potential in evaluating the quality
and risk level in food supply chain but also could make up
the gap between the traditional food risk evaluation from the
aspect of single or independent link and the modern food risk
evaluation from the aspect of the whole food supply chain and
provide a reference for the public and private sectors when
making decisions on food quality management.

5. Conclusion
The food industry in China is facing various challenges,
including but not limited to reducing food waste, improving
food quality and safety, and becoming more ecofriendly. To
address these challenges and improve the food quality, it is
critical to implement efficient and effective quality and operations management measures by identifying food quality risk
factors and evaluating the risk levels of each link in the food
supply chain. This study adopted a comprehensive approach
to establish a fuzzy evaluation model for food quality risk
evaluation. Through an extensive literature review, a quality
risk indicator system for the food supply chain covering five
evaluation objectives and 55 quality risk evaluation indicators
was built to provide a basis for evaluating the food quality risk
level. Then, the methods of FCEM and FMECA were applied
based on surveys of experts to evaluate the food quality risk
level. The results of a computational experiment suggest that
this approach is reasonable for evaluating the food quality risk
level.
The resulting quality risk evaluation model of the food
supply chain can be used as a general guideline to highlight
the most important objectives regarding the level of food
quality risk evaluation according to the results of the computational experiment. Furthermore, the evaluation model provides a useful foundation for future case analyses. The government agencies responsible for food quality in supply chain
management may adopt this model to assess the food quality
risk level of each region. A food industry sector might also
apply this model to review the strengths and weaknesses of its
current food quality risk management so that better quality
management plans could be developed for the food supply
chain. In addition, compared with other provinces, it is clear
that the food quality risk levels of the same objects, such as
sales and consumption risk and logistics, warehousing, and
transportation risk, are different due to the differences in
cold chain logistics technology and eating habits. This finding
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Table 5

Indicators
Raw material supply risk 𝑄1
Soil pollution 𝑄11
Air pollution 𝑄12
Water pollution 𝑄13
Heavy metal pollution 𝑄14
Illegal use of additives 𝑄15
Residual inputs 𝑄16
Microbial contamination 𝑄17
Pathogenic bacteria pollution 𝑄18
Transgenic technology risk 𝑄19
Production and processing risk 𝑄2
Illegal use of additives 𝑄21
Contamination with foreign matter 𝑄22
Inability to wash a food product clean 𝑄23
Presence of detergent residue 𝑄24
Pathogen contamination 𝑄25
Microbial contamination 𝑄26
Uncertified processing equipment 𝑄27
Nonstandardized processing personnel operation 𝑄28
Insufficient processing environment 𝑄29
Insufficient processing equipment 𝑄210
Inappropriate packaging 𝑄211
Insufficient packaging quality 𝑄212
Uncertified packaging logo 𝑄213
Insufficient assurance of personnel health 𝑄214
Quality inspection risk 𝑄215
Insufficient storage process 𝑄216
Logistics, warehousing, and transportation risk 𝑄3
Inventory control technology 𝑄31
Intelligent temperature-control facilities 𝑄32
Transport vehicle sanitation 𝑄33
Cold chain hardware supporting facilities 𝑄34
Third-party logistics level 𝑄35
Partner technology platform convergence 𝑄36
Product portfolio storage transport 𝑄37
Cold chain logistics information transmission 𝑄38
Logistics road infrastructure 𝑄39
Illegal operation of logistics transport personnel 𝑄310
Vehicle scheduling and monitoring information feedback 𝑄311
Sales and consumption risk 𝑄4
Selling expired food 𝑄41
Falsifying the date of production 𝑄42
False reporting of food ingredients 𝑄43
Poor sanitation in dining establishments 𝑄44
Poor sanitation conditions 𝑄45
Improper disposal of waste food 𝑄46
Poor sanitation in cooking facilities 𝑄47
Improper eating methods 𝑄48
Insufficient storage environment 𝑄49

Assessment comments

Level of food quality risk indicators
1
2
3
4
5
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Table 5: Continued.

Indicators

Assessment comments

Level of food quality risk indicators
1
2
3
4
5

Government regulatory risk 𝑄5
Imperfect regulatory system 𝑄51
Supervisory staff level 𝑄52
Supervisor moral hazard 𝑄53
Supervision channels 𝑄54
Regulatory organization 𝑄55
Regulatory agency efficiency 𝑄56
Regulatory process management 𝑄57
Regulatory results feedback 𝑄58
Regulatory detection technology 𝑄59
Other risks 𝑄510
Imperfect regulatory system 𝑄51
Supervisory staff level 𝑄52

shows that the food quality risk level is relative, requiring
managers to take the actual situation into account when making decisions on food quality risk management.
There may be two limitations in this study. First, systematic deficiencies of the risk evaluation indicator system may
exist because the potential negative interactions among indicators were not taken into account, which might affect the
validity of the evaluation results. Second, the effectiveness of
this proposed model was verified by a computational experiment. However, the selected case to be implemented was consistent for only the problem of food quality risk evaluation.
Thus, the results of the computational experiment may not
be generalizable. Future research should address these limitations.

◻ 6–10 years
◻ 11–20 years
◻ 20 years or more
(4) Your duties:
(5) Department:
(6) Nature of your department:
◻ Farmer
◻ Food processing enterprise
◻ Logistics warehousing enterprise
◻ Retailer and consumer
◻ Government regulator
◻ other

Appendix
A. A Sample of Survey Questionnaire
A.1. Basic Information
(1) Gender:
◻ male
◻ female

A.2. Assessment Comments of FSCHP’s Food Quality Risk Indicators. See Table 5.

B. A Sample of Expert Scoring Table
See Table 6.
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(2) Age:
◻ 20–29
◻ 30–39
◻ 40–49
◻ 50 or more
(3) Length of service:
◻ Within 1 year
◻ 1–5 years
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Production and processing risk 𝑄2
Illegal use of additives 𝑄21
Contamination with foreign matter 𝑄22
Inability to wash a food product clean 𝑄23
Presence of detergent residue 𝑄24
Pathogen contamination 𝑄25
Microbial contamination 𝑄26
Uncertified processing equipment 𝑄27
Nonstandardized processing personnel operation 𝑄28
Insufficient processing environment 𝑄29
Insufficient processing equipment 𝑄210
Inappropriate packaging 𝑄211
Insufficient packaging quality 𝑄212
Uncertified packaging logo 𝑄213
Insufficient assurance of personnel health 𝑄214
Quality inspection risk 𝑄215
Insufficient storage process 𝑄216

Factors

Occurrence probability
(H)
1
2
3
4
5

Table 6

1

Severity after
occurrence (S)
2
3
4

Scoring
Likelihood of detection
(D)
5 1
2
3
4
5

Ability to control and
compensate (C)
1
2
3
4
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Logistics, warehousing, and transportation risk 𝑄3
Inventory control technology 𝑄31
Intelligent temperature-control facilities 𝑄32
Transport vehicle sanitation 𝑄33
Cold chain hardware supporting facilities 𝑄34
Third-party logistics level 𝑄35
Partner technology platform convergence 𝑄36
Product portfolio storage transport 𝑄37
Cold chain logistics information transmission 𝑄38
Logistics road infrastructure 𝑄39
Illegal operation of logistics transport personnel 𝑄310
Vehicle scheduling and monitoring information feedback 𝑄311
Sales and consumption risk 𝑄4
Selling expired food 𝑄41
Falsifying the date of production 𝑄42
False reporting of food ingredients 𝑄43
Poor sanitation in dining establishments 𝑄44
Poor sanitation conditions 𝑄45
Improper disposal of waste food 𝑄46
Poor sanitation in cooking facilities 𝑄47
Improper eating methods 𝑄48
Insufficient storage environment 𝑄49
Government regulatory risk 𝑄5
Imperfect regulatory system 𝑄51
Supervisory staff level 𝑄52
Supervisor moral hazard 𝑄53
Supervision channels 𝑄54
Regulatory organization 𝑄55
Regulatory agency efficiency 𝑄56
Regulatory process management 𝑄57
Regulatory results feedback 𝑄58
Regulatory detection technology 𝑄59
Other risks 𝑄510

Factors

Occurrence probability
(H)
1
2
3
4
5
1

Table 6: Continued.
Severity after
occurrence (S)
2
3
4

Scoring
Likelihood of detection
(D)
5 1
2
3
4
5

Ability to control and
compensate (C)
1
2
3
4
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Although many studies have suggested that the relationship between different supply chain members significantly affects
agricultural product quality, suppliers’ perceptions of fairness, which greatly influence their decisions on building the relationship
quality, are often overlooked. Particularly, the empirical evidence to investigate the impacts of suppliers’ fairness on the relationship
quality and the factors that affect the suppliers’ fairness is missing, and therefore this knowledge gap needs to be filled by new
research. Herein, we conducted a survey of 450 agricultural product suppliers and systemically analyzed the impact of antecedents
on fairness perception and the impact of fairness perception on relationship quality. In addition, we developed a structural equation
model and found that information sharing and price satisfaction had significantly positive effects on procedural fairness and
distributive fairness, respectively. Furthermore, our studies demonstrated that procedural fairness is more important in improving
the relationship quality than distributive fairness. However, supplier dependence is another important impact factor, and it greatly
decreases the positive effects of suppliers’ fairness on relationship quality. In summary, the study results provide several managerial
implications and extend our understanding of the importance of suppliers’ fairness in the relationship quality, which involves
product development with respect to the supplier’s performance.

1. Introduction
Normally, retailers dominate in agricultural product supply
chains. Although large retailers usually gain much more
profits from a supply chain than suppliers, suppliers usually
undertake most economic risks of the production and markets [1]. When suppliers realize that they are being treated
unfairly, they might add unfavorable substances to accelerate
the growth of agricultural products and increase the outputs
for gaining more profits. The behaviors of suppliers to
maximize their benefits have induced some food safety issues,
such as melamine milk powders, glue steaks, and plastic
seaweeds, which do not only harm the health of consumers,
but also greatly damage the brand image of suppliers, leading
to bankruptcy of suppliers and the disruption of the whole
supply chain. Behavioral economics experiments have shown
that people are not completely rational and have fairness
perceptions. They do not only compare their own incomes
to the incomes of others but also concern the fairness of the
distribution and motivation.

Kumar et al. [2] pointed out that fairness is an important
factor in determining the channel relationship quality and
cooperation performance. People are always friendly to those
who treat them fairly, while they punish those who treat them
unfairly [3]. Samaha et al. [4] analyzed 500 manufacturing
enterprises and their supply chain members through a linear
hierarchy model, which proves that unfairness perceptions
have a significantly negative impact on the relationship quality. Qin et al. [5] found that fairness perceptions enable enterprises to be more conducive to the performance of supply
chains. Their research shows that fairness perceptions have a
positive impact on the cooperation performance between the
supplier and the retailer when both sides feel fairness during
the cooperation. If either side does not feel fairness, the cooperation will not last long. Thus, a good supply chain operation
requires fair relationships [6]. Only a fair market environment can enhance the cooperation between the supplier and
the retailer and motivate the supplier to improve the product
quality. However, current research on fairness perceptions

2
mainly focuses on psychology, sociology, and other fields and
ignores the roles of supplier fairness perceptions in Chinese
agricultural supply chains. Therefore, we performed studies
to investigate the antecedents of perceived fairness and its
impacts on the quality of supply chain relationships.
Our studies focus on the relationship quality in agricultural product supply chains and suppliers’ fairness. We
assume that suppliers’ fairness may affect the relationship
quality of agricultural product supply chains, and suppliers
will not trust retailers. As a result, the agricultural product
supply chain cannot achieve the maximal profits, and retailers
may decrease the ordering quantity and even switch to
other suppliers. Although current studies often highlight the
importance of the retailer’s fairness perception in regard to
repurchase intentions, we found that the supplier’s fairness
perception could also significantly impact the relationship
quality in agricultural product supply chains.
Previous studies focused on fairness from many different dimensions but overlooked the factors related to the
relationship between suppliers’ fairness and the relationship
quality. For instance, Samaha et al. [4] did not distinguish
between three dimensions of fairness; Luo [7] focused solely
on procedural justice; and Kumar et al. [2], Yilmaz et al. [8],
Brown et al. [9], and Griffith et al. [10] focused on procedural
and distributive justice. In contrast, we examined the relationship between supplier fairness and relationship quality.
In addition, supplier dependence is another important factor
that could affect the trust between suppliers and retailers, and
therefore we examine its impact on the trust between the
suppliers and the retailers, for the first time.
In light of these research gaps, the central issues addressed
in this research focus on investigating the impact of two
dimensions of supplier fairness on relationship quality. We
use survey data from 450 agricultural product suppliers
to explore the effect of antecedents (including information
sharing, price satisfaction, and environmental stability) on
fairness perceptions and the effect of fairness perceptions on
relationship quality. In addition, we investigated moderating
effects of suppliers’ dependence on fairness perceptions,
which consequently affect relationship quality (i.e., trust and
commitment). Furthermore, the indirect effect of antecedents
on relationship quality of agricultural product supply chains
was also studied.
The contributions of our studies are fourfold. First,
supplier fairness perceptions were utilized as an independent
variable to analyze the impacts of this perception on trust
among members of the agricultural product supply chains.
Second, we studied the relationship between procedural
fairness and the agricultural product supply chains. We
found that the two latitudes can reflect fairness perceptions
more comprehensively than the fairness of latitude alone.
Third, our studies characterized the direct and indirect effects
of fairness with survey data, which is important because
the antecedents of fairness are not directly portrayed in
extant researches. Therefore, a consideration of the output of
relational quality is required to understand this phenomenon
[11]. In addition, we also considered retailer dependence as
a key factor in the supply chain management of agricultural
products for the first time and included it in this study.
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Fourth, unlike previous studies, ours investigated the impact
of retailer dependence on trust. Our research will greatly
promote the studies of the theories of fairness and food supply
chain management because many suppliers depend on their
retailers for survival.
The remainder of our study is organized as follows.
Section 2 provides a theoretical background analysis and
presents the hypotheses as well as a supplier-retailer relationship performance model. Section 3 introduces our detailed
questionnaire design and tests the validity and reliability
of our studies. Section 4 reports our survey results and
verifies the appropriateness of its assumptions. Section 5
provides discussion and management implications with our
survey data and provides conclusions and points out possible
directions for the future research.

2. Theoretical Background and Hypotheses
2.1. Fairness Theory. The fairness or justice theory is derived
from exchange and equilibrium theories in the field of sociology and economics. Adams [12] argued that interperson
fairness perceptions were primarily derived from comparing
one’s ratio of outcomes and inputs with others’. Further
studies suggested that fairness perceptions are a critical factor
in maintaining a cooperative relationship at interorganizational enterprise levels [2, 13]. In fairness theory, fairness
is often divided into four dimensions: distributive fairness,
procedural fairness, interpersonal fairness, and informational
fairness. Distributive and procedural fairness are based on
structural aspects [14]. Interpersonal fairness and informational fairness are based on people’s reactions and social
interactions [15, 16]. Interpersonal fairness focuses on the
degree to which people are treated with dignity, politeness,
and concern by employers in inner enterprise [16]. It usually
plays an important role in an organization that has specific
superior and subordinate relationships. In contrast, informational fairness refers to conveying information, including
why procedures are formulated in a certain way and why
profits are distributed in a certain fashion [17]. The informational fairness is always prominent in a relatively equal
relationship.
Distributive fairness was introduced by Adams [12], who
confirmed that people’s outcome comparison with others’ is
the main element considered by people when they judge if
they were treated fairly. On the personnel level, the formation
of distributive fairness is associated with the difference
of individual profits. Extended to circumstances involving
supply chains and strategic enterprise alliances, distributive
fairness is formed in situations in which both parties in the
partnership distribute their common earnings in view of
each party’s contributions, commitment, and responsibility
[18]. Because there is a closed relationship between distributive fairness and incomes, distributive fairness can have a
strong impact on profit satisfaction. Especially in agricultural
product supply chains, most suppliers are in a disadvantaged
position, due to the uncertainty of supply demands. The profit
of suppliers is so small that they become more sensitive if
they are treated unfairly; and, hence, distributive fairness is
important for agricultural product suppliers.
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In addition, procedural fairness was proposed by Thibaut
and Walker [19], and they suggested that people often
focus on the fairness of transaction processes, which are
used to determine the distribution outcomes of resources
and incomes. There are some common grounds between
procedural fairness and distributive fairness. For instance,
high incomes increase the levels of both procedural and
distributive fairness. However, different from distributive
fairness, people will perceive the presence of greater procedural fairness when they believe they can control the procedures
in question or when they realize that the policies and practices
could protect their interests. Procedural fairness was proved
to be more important in supply chain circumstances [20–
22]. The existence of procedural fairness not only significantly
increases the enterprise’s integrated performance but also
affects cooperative satisfaction.
There are a number of studies about fairness perceptions,
which suggest that fairness perception has a positive effect on
relationship quality. However, most studies only focused on
retailers but neglected the fairness perception of suppliers,
especially in the agricultural product industry. Thus, in line
with Zaefarian et al. [23], our studies will focus on fairness
perceptions in regard to agricultural suppliers, rather than
other industries or retailers.
Distributive and procedural fairness gained popularity in
studying the supply chain relationship [2, 8, 9, 13]. However,
in an agricultural product supply chain, the relationship
between suppliers and retailers is typically a loose interorganization cooperation. Moreover, retailers are usually in
a dominant position in agricultural product supply chains,
and suppliers focus on profits and the procedure of distribution. Therefore, the distributive fairness and procedural
fairness are more important than interpersonal fairness and
informational fairness in agricultural product supply chains.
Our work focuses on the distributive fairness and procedural
fairness.
2.2. Relationship Quality. Relationship quality is defined as
consisting of characteristics that can reveal the quality of
relational ties between two sides in a transaction [24]. In sale
channels, better relationship quality can not only decrease
the uncertainty of consumers, but also gain consumers’
trust [25, 26]. In addition, the relationship between business
partners also involves the standards that are used to assess
and cognize the commercial intercourse results in business
cooperation [27]. Relationship quality consists of multifarious dimensions. In view of interactive relationships and
relational benefits, the dimensions of relationship quality,
including commitment, cooperation, trust, communication,
participation, and skills, are needed to solve conflicts together
[28, 29]. In social psychological and strategy alliances, the
dimensions of relationship quality refer to tie strength,
endurance, frequency, diversity, flexibility, and fairness [30].
There are also some studies that consider trust and commitment as basic construct dimensions of business relationship
quality [31, 32]. Moreover, trust and commitment completely
capture the essential aspects of supplier-retailer relationships.
They are also preconditions to many other dimensions, such
as satisfaction and cooperative relationship values. In light of
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the importance of these two dimensions, we consider trust
and commitment as two prime dimensions in this study to
define relationship quality.
In behavior theory, trust is defined as an irrational
behavior and could be imperative to cooperative relationships
in supply chains [33]. Extending to the interorganization scenario, trust means that enterprises care about their partners
altruistically and share their common earnings bountifully
[34]. Ruyter et al. [35] argued that trust is a driving power
arising from spontaneous reliance on partners. Because of the
different definitions of trust, trust is multifaceted. Zucker [36]
divided trust into two dimensions, which are based on personal and institutional elements, respectively. In psychology,
studies related to trust mostly focus on interpersonal trust.
In supply chain relationships, enterprises pay more attention
to interorganizational trust, which consists of more reliability
and benevolence than interpersonal trust [37]. In this study,
we agree with Anderson and Narus’s [33] studies in regard
to capturing the characteristics of trust for agricultural suppliers. We posit that trust encompasses honesty and benevolence. In comparison with trust, honesty is the belief that partners keep their word and fulfill obligations sincerely. Benevolence means that suppliers are firmly convinced that the
retailer is concerned about the suppliers’ welfare and will not
take unexpected actions that would have a negative impact
on suppliers. According to supply chain members’ cognition
in regard to ability and integrity, trust exerts an impact
on relationship value and changes supply chain members’
behavior. If the trust level between firms and their partners is
high, it becomes impossible to adopt opportunistic behaviors.
Meanwhile, with the support of trustworthy partners, the
market and technical risks of firms will be minimized.
Commitment is also a basic dimension of relationship quality; and its importance is acknowledged by many
researchers (e.g., [32, 38]). To some extent, commitment
is a ramification of trust; and some researchers believed
that commitment refers to the confidence of partners’ trust
and honesty [39, 40]. In interorganizational relationships,
commitment embodies the willingness to maintain a longlasting partnership launched by a contract [41]. Higher
levels of commitment will cause enterprises to make more
economical profits [42]. In cooperative relationships, the
existence of commitment means that partners will take
on the costs of commitment, searching, and finality into
consideration, and their partners will not readily turn to alternatives. Commitment promotes the sharing of information
and technology among enterprises; hence, there will be a
greater appreciation of information and technology. Figure 1
depicts the theoretical model of supplier-retailer relationship
performance which is elaborated upon in detail as shown
below.
2.3. Antecedents of Fairness Perception. Various supply chain
studies indicate that people’s fairness perception will be
influenced by a number of different factors. For example,
Kumar et al. [2] argued that distributive fairness is connected
to outcomes. In regard to supply chain relationships, studies of suppliers and manufacturers argue that the benefits
of distribution and risk sharing are principal factors that
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Figure 1: A theory model of supplier-retailer relationship performance.

affect distributive fairness. However, existing studies do not
conduct further research on the antecedents of fairness
perceptions. In our study, we will explore how information
sharing, price satisfaction, and environmental stability affect
people’s fairness perceptions.
Organizational studies suggest that enterprises information can be broken down into strategy information,
transaction information, and operational information [43].
Information sharing improves the management efficiency
and operational performance of a supply chain [44]. In supply
chain relationships, there are lower levels of information
risks and higher levels of overall supply chain performance
if enterprises share information [45, 46]. Thus, sharing
information is the key factor to allocate resources efficiently,
save on transaction costs, and improve the use ratio of
information resources. It has been shown that knowing a
partner’s profit information can make enterprises feel like
being treated fairly [5]. Meanwhile, sharing information with
a partner about one’s own initiative is regarded as a signal
of kindness and fairness. However, if an enterprise shares
too much confidential information with a partner, this will
put the enterprise in a disadvantaged position and hurt the
perception of fairness. This characteristic is more obvious
in agricultural supply chains. Agricultural product retailers
possess a great deal of information about clients, competitors,
and enterprise operations, which allows retailers to dominate
transaction details such as procurement regulations and
prices [47]. Therefore, only rational information sharing can
guide agricultural suppliers to make accurate decisions about
the output of agricultural products and then reduce unsalable
products and meet market requirements. Hence, we believe
that effectively using acquired information and rationally
sharing information with partners can greatly promote fairness perception, cooperation performance, and supply chain
stability. Consequently, we hypothesize the following:
H1a, b: information sharing has a significant positive
effect on distributive fairness (a) and procedural fairness (b).

Price is considered to be one of the most important factors
that will increase a supplier’s fairness perceptions. As far
as suppliers are concerned, the impact of price on a longlasting supply chain is complicated, due to the complexity of
the relationship ages, the cooperative nature of relationships,
and various market circumstances. Hellberg-Bahr and Spiller
[48] suggested that suppliers compare the procurement prices
proposed by different retailers before they sell products. This
behavior is becoming an important factor in forming price
satisfaction and fairness. However, in agricultural supply
chains, suppliers lack pricing power because of their inferior
position. Therefore, suppliers will pay more attention to
retailers’ procurement pricing criteria, which involve examining product quality, purchase quantity, geographic position,
and relationship age [49]. We argue that the impact of price
satisfaction on fairness perception is not only related to
whether agricultural suppliers can fairly gain profits or not
but also connected to the endurance and stability of the
cooperative relationship in question. Therefore, suppliers are
sensitive to prices and high levels of price satisfaction will
effectively enhance the cooperative stability of the supply
chain in question. Thus, we propose the following:
H2a, b: price satisfaction has a positive impact on
distributive fairness (a) and procedural fairness (b).
Environmental stability is defined as the ability of an
enterprise to forecast the future markets, policies, and other
factors accurately, according to the current external environment [50]. The external environment is the prime factor
that is considered before enterprises make decisions. When
market circumstances are unstable, enterprises usually do not
want to be risk averse. They will reduce their dependence
on a single partner to maintain their level of flexibility [51].
Kumar et al. [2] demonstrated that an uncertain environment
will weaken the positive impact of fairness perception on
relationship quality. Many unpredictable factors will emerge
in a stagnant market environment. In psychology, growing
uncertainty makes enterprises become more suspicious of

Journal of Food Quality
each other, which is not conducive to constructing favorable
cooperative relationships. This phenomenon is more general
in the agricultural product market because suppliers are
always facing uncertain external environments, such as price
fluctuations and changes of climate. Thus, these suppliers are
more inclined to be affected by the external environment.
Nevertheless, a stable environment can enable suppliers to
prepare for future variations in advance. Consequently, they
could optimize their relationships with retailers. Thus, we
suggest the following:
H3a, b: environmental stability is positively related to
distributive fairness (a) and procedural fairness (b).
2.4. Fairness Perception and Relationship Quality. A number
of studies have examined the influence of fairness perceptions
on relationship quality. Aryee et al. [52] argued that distributive fairness and procedural fairness had remarkable positive
effects on relationship quality. Luo [18] proved that procedural fairness and interpersonal fairness were conducive to
relationship quality. Ellis et al. [53] showed that procedural
fairness was more important than informational fairness. Liu
et al. [14] proved that procedural fairness and informational
fairness were important in relationship quality, and therefore
procedural fairness is more significant.
In the literature on supply chain management, evidence
exists to support the argument that fairness perceptions are
closely linked to honesty and benevolence in regard to trust
[54]. Based on research conducted in the automotive industry, Zaefarian et al. [23] suggested that fairness perceptions
led to high levels of trust. Hemmert et al. [55] pointed
out that suppliers’ trust in the buyer can be promoted by
establishing fairness in the supplier-buyer relationship. In
agricultural supply chains, the effect of distributive fairness
perception and procedural fairness perception on trust may
be particularly prominent because the positions of suppliers
and retailers are asymmetrical. Highly favorable distributive fairness promotes mutual trust between suppliers and
retailers, leading to a willingness to maintain long-term
cooperation [10, 52]. In fact, favorable mutual trust eliminates
opportunistic behavior caused by ineffective communication
and conflicts of interest in interorganizational relationships.
Accordingly, this causes the willingness of involved parties
to maintain cooperation and plays an important role in
improving market vitality. Thus, we propose the following:
H4a, b: both distributive fairness (a) and procedural
fairness (b) have positive effects on trust.
Commitment in this context is defined as an ongoing
relationship with another and is important enough to warrant a great deal of effort to maintain it [50]. According
to Kumar et al. [2], procedural fairness has a relatively
strong influence on commitment, compared with distributive
fairness. Furthermore, with the deepening of cooperation,
suppliers pay more attention to procedural fairness, instead of
distributive fairness, and they also expect to acquire respect,
not just lucrative returns, from retailers. Suppliers cannot
perceive favorable commitment when they lack respect, even
if retailers have already successfully maintained high levels
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of distributive fairness with suppliers [56]. In agricultural
product supply chains, the characteristics of commitment
are embodied by the contracts. Nonperformance behaviors,
such as rejection or postponing deliveries, may pose risks
to suppliers. Moreover, agricultural products are usually
perishable, and these behaviors may not only result in huge
losses to suppliers, but also disturb the stability of the product
supplies and prices. Thus, we posit the following:
H5a, b: distributive fairness (a) and procedural fairness (b) have positive effects on commitment.
2.5. The Moderating Effect of Dependence. In supply chain
channels, dependence refers to an enterprise’s need to maintain a relationship with a partner, in order to fulfill the enterprise’s objectives [57]. If the ability of an enterprise to replace
a partner is deficient, we posit that the enterprise is dependent
upon its partners [58]. Dependence consists of two concepts:
total interdependence (the sum of both enterprises’ dependence) and asymmetrical interdependence (the difference in
the enterprises’ dependence) [59, 60]. Dependence can have
a strong impact on maintaining a dyadic relationship [61]. In
a supply chain, support and coordination between members
can ensure effective operation. Upstream suppliers, such as
manufacturers, need an adequate supply of raw materials and
timely delivery services. Downstream retailers need a stable
supply of products and stable market demand. However,
when asymmetrical interdependence exists on a large scale,
the more powerful supplier is likely to perform opportunistic
behaviors to maximize their own profits due to low risks. We
propose that, in agricultural supply chains, suppliers depend
heavily on retailers. In terms of the numbers, relatively few
retailers and a number of suppliers consistently lead to the
supply of agricultural products beyond the requirements at
hand. Moreover, agricultural suppliers expect to sell products
as soon as possible because of the perishable nature of the
products. Consequently, intensive sale willingness increases
the dependence of suppliers on retailers. Thus, we propose that there exists highly asymmetrical interdependence
between suppliers and retailers.
As symmetrical interdependence increases, the occurrence of divergence and conflict decreases. So, symmetrical
dependence therefore has a positive effect on relationship
quality. Excessive asymmetrical interdependence, on the
other hand, increases powerful enterprises’ ability to replace
partners and, therefore, could damage the trust and commitment between supply chain numbers. Relationship quality
decreases a lot due to unfair treatment in an asymmetrical
relationship and a lack of incentives to cultivate trust and
commitment with partners. Therefore, we believe that the
more the suppliers depend on retailers; the less the influence
of suppliers’ fairness perceptions on relationship quality will
be. Furthermore, dependence more likely leads to building
cooperative circumstances and affects relationship quality
indirectly. Thus, we hypothesize the following:
H6a, b: the positive effect of distributive fairness
on trust (a) and commitment (b) is smaller once
considering suppliers’ dependence on retailers.
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H7a, b: the positive effect of procedural fairness
on trust (a) and commitment (b) is smaller once
considering suppliers’ dependence on retailers.

3. Methodology
3.1. Sample and Data Collection. We tested our hypotheses
using matched supplier data drawn from the agricultural
product industry in Jiangsu province, which is located in East
China. Jiangsu is a developed province, especially in regard to
agriculture. There are a large number of agricultural product
suppliers in Jiangsu. There are also wholesale distributors
of agricultural products, as well as foreign supermarkets,
such as Carrefour, Walmart, and PARKnSHOP. This presents
ideal circumstances in which we can empirically examine
supplier-retailer relationships. Generally, suppliers in Jiangsu
province are single working class households with relatively
limited number of partners. The suppliers usually cooperate
with a few fixed retailers. On the other hand, there are
multiple households that supply agricultural products to
retailers at the same time. Consequently, the differences
between suppliers and retailers lead to tense supplier-retailer
relationships, which have aroused extensive concerns for the
Chinese government. Suppliers are unable to earn satisfactory
profit due to being in a weak position in the supply chain.
This situation can not only decrease suppliers’ fairness but
also decrease the quality of agricultural products. Therefore, it
is necessary to study fairness issues in this context to alleviate
the tense relationships in this situation.
We designed a series of questionnaires for suppliers.
The original questionnaires were designed first in English,
and then the English version was translated into Chinese
and back-translated into English to ensure the accuracy of
the translation. The differences between the original and
back-translated English versions were checked by professional translators, and we refined some questions. In the
data collection process, we conducted face-to-face interviews as well as mailing questionnaires to 1,000 informants
in Jiangsu province. The common characteristics among
these informants were shown as follows: all of them are
working class households and have cooperative relationships
with supermarkets or other agricultural product retailers.
All questionnaires were anonymous, and we guaranteed
confidentiality of data to avoid evaluation apprehension in
respondents.
After a month, we received 562 questionnaires. To verify
each informant’s knowledge of suppliers’ cooperative relationships with retailers, as well as their levels of knowledgeability in regard to the survey, we used a seven-point Likert
scale (1 = “very low” and 7 = “very high”). We removed
112 informants with scores less than 4 for these questions
and ended up with a final supplier sample consisting of
450 participants. The response rate is around 45%, which
is adequate for empirical studies. The average operation
duration of our supplier samples was approximately five
years. A total of 38.9% of suppliers reported annual revenues
of less than ¥0.5 million, 32.4% reported annual revenues
of ¥0.5–¥1 million, 19.8% reported annual revenues of ¥1¥2 million, and 8.9% reported annual revenues greater than

¥2 million. After the data collection, we conducted a revisit
survey with a sample of 50 nonresponding informants,
to assess nonresponse bias. We compared these 50 informants with respondents’ data and found that there were no
significant differences between responding informants and
nonresponding informants. Thus, nonresponse bias did not
have an influence on our data.
3.2. Variables and Measurements. We used multi-item models to measure the validity and reliability of our supply chain
relationship study. Table 1 outlines the final set of construct
scales, Cronbach’s alphas, and item loadings. All the items in
our construct scales were derived from existing studies, and
we made reasonable adjustments to meet our research targets.
Antecedents of fairness perception were defined as consisting
of three dimensions: information sharing, price satisfaction,
and environmental stability. The items for these three dimensions were adapted from Frazier et al. [62], Hellberg-Bahr and
Spiller [48], and Heide and John [58] and consisted of six, five,
and four items, respectively. Fairness perceptions in our study
were conceptualized as two dimensions: distributive fairness
and procedural fairness. Distributive fairness is rooted in
Price and Mueller [63], with five items, and procedural
fairness is rooted in Kim and Mauborgne [64] and Konovsky
and Cropanzano [65], with eight items. The construct of relationship quality had several different operational alternatives.
In prior literature, relationship quality was usually composed
of trust and commitment. Therefore, the measure for trust
was adapted from the items posited by Kumar et al. [2], which
consist of honesty and benevolence, with five items each.
Commitment was adapted from Meyer et al. [66], with three
items. Dependence referred to the dependence of suppliers on
retailers; it was derived from Frazier et al. [62] and measured
through four items.
Due to the constructs of variables being derived from
existing literature, we conducted several steps to ensure that
the constructs are applicable to our study and to assess
the robustness and validity of the constructs. First, we
performed an exploratory factor analysis (EFA) on our data.
The reliability of the variables was validated by favorable
Cronbach’s alphas and all of the indexes were greater than
0.72, shown in Table 1. Second, we conducted a confirmatory
factor analysis (CFA) using the maximum likelihood method
in AMOS 22.0 to evaluate the measurement validity of the
constructs [67]. Our CFA results showed a goodness of fit
with the data: df = 947, 𝜒2 /df = 1.39, RMSEA = 0.03, GFI =
0.90, CFI = 0.96, TLI = 0.95, and IFI = 0.96. In accordance
with the standard of goodness of fit [68, 69], 𝜒2 /df < 0.2,
RMSEA < 0.05, GFI, CFI, TLI, and IFI were all equal to or
greater than 0.90, thereby confirming a favorable goodness
of fit. For convergent validity, all item loadings were greater
than 0.64 and significant (𝑝 < 0.01), and the composite
reliability of all the variables ranged from 0.72 to 0.83,
showing satisfactory convergent validity (see Tables 1 and 2).
We also verified discriminant validity by evaluating average
variance extracted (AVE) from each construct; we confirmed
that it was greater than the squared correlations between all
the construct pairs [70], further demonstrating discriminant
validity.

Table 1: Construct overview.
Construct scales
Information sharing
IS1: We can share our business information with the retailer without hesitation.
IS2: The retailer always notifies us about the relevant information in a timely manner.
IS3: The retailer informs us about all useful information.
IS4: We share product information and business progress with the retailer in a timely manner.
IS5: We and the retailer believe that the information we share with each other is reliable.
IS6: We and the retailer cooperate to solve problems together.
Price satisfaction
PS1: In general, fresh agricultural product prices are satisfactory.
PS2: Fresh agricultural product prices correspond with our labor costs.
PS3: Most of the fresh agricultural products we sold did not make enough profit (R).
PS4: In the last decade, we have been satisfied with the purchase prices that the retailer provided.
PS5: We are satisfied with the current agricultural product prices.
Environmental stability
ES1: The fresh agricultural products market has a stable industry volume.
ES2: The fresh agricultural products market is predictable.
ES3: The fresh agricultural products sale forecasts are quite accurate.
ES4: It is easy to monitor trends in the fresh agricultural product market environment.
Distributive fairness
DF1: Our firm’s outcomes are fair compared to the efforts and investments that we have made to support the retailer’s line.
DF2: Our firm’s outcomes are fair compared to the roles and responsibilities the retailer assigns to our organization.
DF3: Our firm’s outcomes are fair compared to what other dealers in our industry earn.
DF4: Our firm’s outcomes are fair compared to what the retailer earns from sales through our partnership.
DF5: Our firm’s outcomes are fair compared to the contributions we make to this retailer’s marketing efforts.
Procedural fairness
PF1: In our relationship with the retailer, a high level of bilateral communication exists.
PF2: The retailer does not discriminate but rather treats all suppliers similarly.
PF3: The retailer considers objections seriously, according to the suppliers’ policies and programs.
PF4: The retailer sometimes alters their policies in response to suppliers’ objections.
PF5: The retailer provides valid reasons for any changes in policies affecting suppliers.
PF6: The retailer makes an effort to learn the local conditions under which suppliers operate.
PF7: The retailer is knowledgeable about the local situations faced by suppliers.
PF8: The retailer treats suppliers with respect and the retailer’s behavior is polite and well-mannered.
Commitment
COM1: Even if we could, we would not drop the retailer because we like being associated with them.
COM2: We want to remain a member of the retailer’s network because we genuinely enjoy our relationship with them.
COM3: Our positive feelings towards the retailer are a major reason why we continue working with them.
Trust
HT1: Even when the retailer gives us a rather unlikely explanation, we are confident that they are telling the truth.
HT2: The retailer has often provided us with information that has later been proven to be inaccurate (R).
HT3: The retailer usually keeps the promises they make to our firm.
HT4: Whenever the retailer gives us advice about our business operations, we know they are sharing their best judgments.
HT5: Our organization can count on the retailer to be sincere.
BT1: Though circumstances change, we believe that the retailer is willing to offer us assistance and support.
BT2: When making important decisions, the retailer is concerned about our welfare.
BT3: When we share our problems with the retailer, we know that they will respond with understanding.
BT4: In the future, we can count on the retailer to consider how their decisions and actions will affect us.
BT5: When it comes to matters that are important to us, we can depend on the retailer’s support.
0.74

0.81

0.83

0.77

0.72

0.72

0.79

𝛼

0.66
0.58
0.71
0.87
0.85
0.81
0.85
0.88
0.69
0.82

0.83
0.76
0.81

0.80
0.81
0.78
0.91
0.80
0.83
0.88
0.79

0.84
0.85
0.89
0.88
0.92

0.82
0.77
0.75
0.76

0.80
0.81
0.63
0.70
0.66

0.69
0.77
0.77
0.86
0.80
0.78

Item loadings

Journal of Food Quality
7

Construct scales
Dependence
DE1: The total cost of switching to a competing retailer’s line would be prohibitive.
DE2: The retailer’s work with us is very important to our organization.
DE3: The quality of the agricultural product the retailer sells is creditable.
DE4: In our trade area, suppliers would incur the highest costs if we lost our retailer partners.

Table 1: Continued.
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Table 2: Means, standard deviations, AVE, CR, correlation matrix, and goodness of fit.
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(2) Price satisfaction
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(6) Trust
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1.00
0.61∗∗∗
0.74∗∗∗
0.75∗∗∗
0.74∗∗∗
0.50∗∗∗

1.00
0.71∗∗∗
0.71∗∗∗
0.76∗∗∗
0.37∗∗∗

1.00
0.78∗∗∗
0.82∗∗∗
0.41∗∗∗

CFI
0.96

(6)

(7)

(8)

1.00
0.76∗∗∗
0.46∗∗∗

1.00
0.50∗∗∗

1.00

TLI
0.95

IFI
0.96

(i.e., significance) < 0.001.

4. Results
After demonstrating the validity and reliability of the data, we
introduced three constructs of the antecedents (information
sharing, price satisfaction, and environmental stability), two
constructs of fairness perception (distributive fairness and
procedural fairness), and two constructs of relationship quality (trust and commitment) and dependence (see Figure 1).
Because fairness perceptions, trust, and commitment are
behavior indexes, they usually contain some measurement
variations. Structural equation modeling (SEM), a popular
statistical methodology for experimental research [14], allows
independent variables and dependent variables to contain
measurement variations and deal with multiple dependent
variables at the same time. SEM can also deal with the
complex affiliation of an index that belongs to multiple
factors, and therefore it is a method that is precisely necessary
for studying the supplier-retailer relationship in agricultural
product supply chains. We conducted SEM with maximum
likelihood estimation in AMOS 22.0 to test our hypotheses,
which enabled us to test influences with multiple structural
paths.
To examine the hypotheses, we proposed (H1, H2, and
H3) and analyzed the path from antecedents to fairness
perception. The structural equation modeling analysis results
show that information sharing has a positive but not a significant effect on distributive fairness (Table 3). In addition,
information sharing shows a relatively high positive and
significant effect on procedural fairness (𝛽 = 0.56, 𝑝 <
0.001). This result rejected H1a but supported H1b. The path
from price satisfaction to fairness perceptions indicates that
price satisfaction has positive and significant effects on both
distributive fairness (𝛽 = 0.57, 𝑝 < 0.001) and procedural
fairness (𝛽 = 0.16, 𝑝 < 0.01). Similarly, environmental stability has a positive and significant influence on distributive
fairness (𝛽 = 0.23, 𝑝 < 0.01) and procedural fairness (𝛽 = 0.31,
𝑝 < 0.001). So far, all the hypotheses concerning antecedents
to fairness perception were confirmed, except for H1a.
We found that dependence played a mediating role in the
relationship between fairness perceptions and relationship

Table 3: Results of hypothesis tests.
Antecedents → dependent variable
H1a: Information sharing → distributive fairness
H1b: Information sharing → procedural fairness
H2a: Price satisfaction → distributive fairness
H2b: Price satisfaction → procedural fairness
H3a: Environmental stability → distributive stability
H3b: Environmental stability → procedural fairness
H4a: Distributive fairness → trust
H4b; Distributive fairness → commitment
H5a: Procedural fairness → trust
H5b: Procedural fairness → commitment
H6a: Distributive fairness × dependence → trust
H6b: Distributive fairness × dependence → commitment
H7a: Procedural fairness × dependence → trust
H7b: Procedural fairness × dependence → commitment
∗𝑝

𝛽
0.14
0.56∗∗∗
0.57∗∗∗
0.16∗∗
0.23∗∗
0.31∗∗∗
0.29∗∗
0.21∗
0.61∗∗∗
0.66∗∗∗
0.23∗∗
0.14
0.43∗∗∗
0.52∗∗∗

< 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001.

quality. We used a control variable method to analyze
the effects of dependence. When dependence was absent,
distributive fairness had a positive and significant effect on
trust (𝛽 = 0.29, 𝑝 < 0.01) and commitment (𝛽 = 0.21,
𝑝 < 0.05). Hypotheses H4a and H4b were thereby supported. Procedural fairness also had a positive and significant
effect on trust and commitment, supporting H5a and H5b.
However, it is worth noting that the effect of procedural
fairness is much stronger than that of distributive fairness
(trust: 𝛽 = 0.61, 𝑝 < 0.001; commitment: 𝛽 = 0.66, 𝑝 <
0.001). Hypotheses H6 and H7 asserted that dependence has
a mitigating effect on the link between fairness perception
and relationship quality. H6a and H6b were verified by the
results, in regard to dependence. The positive effect in the
path from distributive fairness × dependence to trust (𝛽 =
0.23, 𝑝 < 0.01) and commitment (𝛽 = 0.14) was less than
the condition without dependence. By comparing the path
from procedural fairness × dependence to trust (𝛽 = 0.43,
p < 0.001) and commitment (𝛽 = 0.52, p < 0.001) with the
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path from procedural fairness to trust and commitment,
hypotheses H7a and H7b were also confirmed. In summary,
except for H1a, all the hypotheses we proposed are approved.
Moreover, we computed the indirect effect of each antecedent
dimension on relationship quality with fairness perceptions
as a mediating variable. Following Bollen’s [71] approach,
the indirect effects of the mutual antecedents of information
sharing, price satisfaction, and environmental stability on
trust are 0.38, 0.26, and 0.26, respectively, and the effects
on commitment are 0.40, 0.23, and 0.25, respectively. In
general, information sharing imposes the strongest effects on
relationship quality via fairness perceptions.

5. Discussion and Implications
The objective of this study is to explore the effects of
antecedents (information sharing, price satisfaction, and
environmental stability) on fairness perceptions (distributive
fairness and procedural fairness) perceived by the agricultural product suppliers. In addition, this study examines
the effects of fairness perceptions on relationship quality
(i.e., trust and commitment) and also undertakes research
regarding the moderating effects of dependence in regard
to the impact path from fairness perceptions to relationship
quality.
Through a structural equation modeling analysis of 450
agricultural product suppliers in China, we found that the
antecedents have a positive effect on suppliers’ fairness
perceptions. In addition to this, the results revealed the
sensitivity of different aspects of fairness perceptions to
various antecedents.
These results enrich our existing understanding of fairness theory [61]. Many previous studies only focus on
the ways in which fairness perceptions affect relationship
quality or supply chain partnerships, while the effects of
antecedents, such as information sharing, price satisfaction,
and environmental stability, on fairness perception are also
important. Particularly, the antecedents profoundly influence
supply chain relationship quality via fairness perceptions
as well. Our results report that, within our sample collected from the agricultural product industry in China, the
antecedents of fairness perceptions could enhance suppliers’ fairness perceptions. Specifically, information sharing
and environmental stability have strong positive effects on
procedural fairness. Distributive fairness was found to be
more sensitive to price satisfaction. These findings suggest
that, in highly asymmetrical relationships, such as between a
powerful retailer or distributor and a vulnerable agricultural
product supplier, the antecedents of fairness perceptions will
determine fairness perceptions with pertinence. Therefore,
some specific interpretations were necessary for us to explain
our results.
In addition, we found that information sharing has a
strong effect (𝛽 = 0.56, 𝑝 < 0.001) on procedural fairness.
This finding is consistent with existing information regarding
the agricultural industry in China. Chinese suppliers rarely
have the opportunities to reach consumers and most of
their production actions are based on the family unit. The
farmers scale is so small that they lack advanced management
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concepts and enough technical supports to predict future
demands and production situations accurately. Therefore,
agricultural product suppliers, composed of working class
households, seldom make explicit output plans or deliberately
select the varieties of agricultural products to produce in
the future. This condition was also one of the prime reasons
leading to falls in sales stock-out of products. In contrast
to suppliers, retailers can easily obtain consumption information regarding consumers; and consequently, they have
more accurate ideas about consumer demands. For instance,
some supermarkets, such as Carrefour and Walmart, have
conducted consumer consumption data analyses to make
reasonable plans for commodity procurement. However, suppliers lack effective approaches to gaining valuable consumers
feedback, and they have to place their hopes in retailers or
distributors to acquire market information. If retailers share
consumers’ feedback and market information with suppliers,
the information received from retailers will help suppliers
make production plans and thereby avoid unnecessary losses
caused by excessive production. Thus, suppliers are eager
for an equal market. When retailers attach importance to
information sharing, the suppliers will perceive fairness as
being present.
Our results also suggest that price satisfaction has a more
positive effect on distributive fairness (𝛽 = 0.57, 𝑝 < 0.001)
than procedural fairness (𝛽 = 0.16, 𝑝 < 0.01). The reasonable
interpretation for the significant positive effect of procedural
fairness is that suppliers have to sell their products as quickly
as possible due to the perishability of agricultural products,
which eventually weakens their initiative in the price setting
process. The procurement prices offered by retailers are
the key factor for distributing the common incomes of the
agricultural supply chains and are also connected to suppliers’
profits. In other words, procurement prices determine the
fairness of income distribution. Thus, suppliers perceive high
levels of distributive fairness if they sell their products at
satisfying prices.
In order to scrutinize the effect of market environment
on fairness perceptions, we conducted several investigations
on environmental stability, which involved demand scales
and marketing situations. Our results provided full support for our propositions regarding the positive effects of
environmental stability on the fairness perceptions. These
results indicate that if future market demand scales and sale
volumes are predicted accurately, the level of distributive
fairness (𝛽 = 0.23, 𝑝 < 0.01) and procedural fairness (𝛽
= 0.31, 𝑝 < 0.001) will increase. This finding is different
from those in regard to other industries, such as climate and
geographical location, because agricultural outputs possess
characteristics of uncertainty. It is necessary for suppliers to
maintain environmental stability. We also found that environmental stability has a strong effect on procedural fairness,
because long production cycles make it difficult for suppliers
to accurately predict the market situation of agricultural
products. Therefore, they need outside supports, such as
production technology, equipment, and market information,
to regulate production. The supports will help suppliers avoid
losses from low yields or overproduction, thereby increasing
the suppliers’ sense of procedural fairness in the supply
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chain mechanism. Therefore, we conclude that, compared to
distributive fairness, environmental stability plays a crucial
role in the suppliers’ perceptions of procedural fairness.
In addition to this, the results of the investigation revealed
that procedural fairness has a strong positive effect on trust (𝛽
= 0.61, 𝑝 < 0.001) and commitment (𝛽 = 0.66, 𝑝 < 0.001). It
is worth noting that this result is opposite to prior studies,
which report that procedural fairness has no significant
impact on trust and commitment, based on research about
the automobile manufacturing industry [23]. This result
demonstrates that, in agricultural product supply chains,
procedural fairness is the prime factor for improving relationship quality. Because vulnerable suppliers are sensitive to
procedural fairness, retailers need to proactively formulate a
fair cooperation procedure in order to maintain a high level of
relationship quality with suppliers. We used two interaction
paths (distributive fairness × dependence and procedural
fairness × dependence) to perform a moderation test and
explored the impact of dependence on the positive effect of
fairness perceptions on relationship quality. Under the condition of considering the relational dependence perspectives
of suppliers, the positive effect of fairness perceptions on
relationship quality is decreased. Dependence is the main
element in an asymmetrical environment, and therefore
dependence has a negative influence on relationship quality
[72]. In an asymmetrical environment, such as in agricultural
supply chains, suppliers lack long-lasting selling lines because
the number of suppliers is far greater than that of retailers.
As a consequence of these issues, suppliers have to rely
on retailers or distributors in many ways to ensure their
profits. If suppliers’ dependence increases, greater losses will
be incurred if retailers breach cooperation contracts. This
perspective also damages the relationship quality between
supply chain members. Hence, an effective way to improve
relationship quality is one of the most important policies for
governmental regulators to formulate for suppliers, which
would contribute to creating an equal supply chain mechanism and, in turn, improve the partnership between suppliers
and retailers.
We also scrutinized the indirect effects of antecedents on
relationship quality. We found that indirect positive effects
of information sharing, price satisfaction, and environmental
stability on trust are 0.38, 0.26, and 0.26, respectively, and
the indirect positive effects of these antecedents on commitment are 0.40, 0.23, and 0.25, respectively. We found that
the positive effects of antecedents on fairness perceptions
could enhance supply chain relationship quality. The result
also suggested that information sharing had the strongest
indirect positive effect on trust and commitment, because
information sharing of the retailer with suppliers will increase
the trust of suppliers in retailers. It would have been concluded that information sharing plays a key role for supply
chains to increase their relationship quality from an indirect
pattern.
5.1. Theoretical Implications. Several theoretical implications
can be deduced from our study. First, we add antecedents to
organizational fairness research in supply chain management.
Prior studies have traditionally focused on the effect of
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fairness perceptions on relationship quality or supply chain
performance and have failed to take into account the impact
of the antecedents of fairness perceptions on relationship
quality. This study fills this gap by conducting antecedents
of fairness perception model in interorganizational circumstances and exploring the ways in which the antecedents
change fairness perceptions and relationship quality of agricultural product supply chains. We found that information
sharing, price satisfaction, and environmental stability had
significant positive effects on suppliers’ fairness perceptions.
By comparing the strength of the indirect effects of different
dimensions of antecedents on fairness perceptions, some
factors including information sharing and price satisfaction
had a greater effect on procedural fairness and distributive
fairness, respectively, than others. Our results also revealed
that antecedents had positive indirect effects on trust and
commitment, and the effects of information sharing are
the strongest. Thus, our findings indicate that suppliers
were majorly concerned about the predictability of future
market trends and market information provided by retailers,
from the perspective of procedural fairness. Furthermore,
rational and considerable procurement prices inspire the
distributive fairness of suppliers. These two dimensions of
fairness perceptions reduce the conflict and uncertainty in
the supply chain operating process, leading to improving the
supply chain members’ satisfaction and maintaining efficient
functioning in the long run.
To further investigate fairness perceptions in partnerships, we assessed the effect of fairness perceptions on
relationship quality of agricultural product supply chains.
The results demonstrated that suppliers’ procedural fairness
perceptions had stronger impacts on trust and commitment
than suppliers’ distributive fairness. This result is largely
in line with Kumar et al. [2]. In order to draw on the
results regarding the way in which information sharing and
environmental stability have a more significant impact on
procedural fairness than distributive fairness, we verified the
mediating function of the fairness perceptions in the path
of antecedents to relationship quality, revealing that highly
favorable information sharing exerts the strongest positive
effect on trust and commitment. Therefore, we support
the argument that antecedents play an important role in
indirectly improving relationship quality.
Moreover, we introduced dependence into the link
between fairness perception and relationship quality to test
its moderating influence with the help of an interaction
approach. The results of our analysis demonstrate that
suppliers’ dependence mitigates the effect of distributive
fairness and procedural fairness on both dimensions of
relationship quality. This finding suggests that relationship
quality is less sensitive to fair treatment from retailers when
the dependence of suppliers is taken into consideration. In
fact, when a supplier is highly dependent on a dominating
retailer, the relationship quality will not improve effectively,
even if retailers treat them fairly. Hence, under such circumstances, suppliers may adopt two alternative strategies: the
first strategy is that they terminate their cooperation with
retailers to avoid the benefit losses caused by high levels of
dependence, and the other strategy is that they maintain
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their cooperation with retailers in view of the cost increase,
due to the transfer of partners. However, problems regarding
profit conflict and unfair treatment also exist in the latter
option and so this situation is not helpful in maintaining
the safety of food quality. In order to ensure high levels
of cooperation quality within a supply chain, third-party
regulators should formulate relevant policies to reduce the
dependence of suppliers on retailers, thereby balancing both
parties’ positions in the supply chain.
5.2. Managerial Implications. Our findings have practical
implications for both managers of supply chain members
and governmental regulators. Above all, improving the management quality of agricultural products requires managers
to understand what is harmful to the quality of agricultural
products and the interactional relationship between internal
systematic factors. Researchers have recognized that longterm stable relationships within supply chains have positive
effects on the performance of the supply chains and the
quality of the products [73]. Therefore, improving supply
chain members’ relationship quality is crucial in promoting
the quality of products.
First, both supply chain members and governmental
regulators should understand that information sharing is the
main driver of procedural fairness, trust, and commitment.
Our study reveals that information sharing has the strongest
direct effect on procedural fairness and the strongest indirect
effect on trust and commitment. In reality, agricultural
production in China still operates largely within a small
economy and lacks aspects of large-scale operations. There
are a number of information blind spots in agricultural
product supply chains. As a result of this, there exists serious information asymmetry between suppliers and retailers.
Indeed, in our reviews, some interviewees claimed that they
usually choose agricultural products to plant depending on
the prices of the last year. This kind of behavior easily incurs
an imbalance between supplies and demands. Our finding
verifies the important impact of information sharing on
relationship quality and provides clear evidence to prove
that high levels of information fairness are necessary for a
healthy relationship. Thus, governmental regulators should
provide some ways of sharing market information, such
as building an Internet platform which allows retailers to
update the demand situation of products, or suppliers issuing
information about inventories and products for sale.
Second, retailers should pay more attention to suppliers’ fairness and preserve suppliers’ fairness in all aspects.
Although antecedents (such as information sharing) are
important in increasing relationship quality, they are not
direct drivers. Rather, our results show that relationship quality has a closer connection to distributive fairness and process
fairness. Retailers should set reasonable prices to ensure the
fair allocation of supply chain profits and the legitimate earning of suppliers in order to ensure that suppliers’ distributive
fairness can be established. One important finding of our
study is that procedural fairness has a stronger effect on
relationship quality than distributive fairness. Hence, the recommendation for retailers is that they should preferentially
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focus on the fairness during transaction processes, such as
responding to the requests of suppliers in a timely manner and being proactive in communicating with suppliers.
Furthermore, during our interviews, we investigated the
effects of retailers’ attitudes on suppliers’ fairness perceptions
and found that bad manners could also damage procedural
fairness. Our survey results reveal that 38% of suppliers
decided to terminate their cooperation with current retailers
due to the offensive behaviors of that retailer, such as a rude or
discourteous attitude. Therefore, retailers should realize that
vulnerable suppliers are unlikely to tolerate impolite behaviors. To consolidate the fairness perceptions of suppliers,
retailers should train their employees to communicate and
interact with suppliers in an appropriate manner. Although
the four dimensions of fairness are all important in the supply
chain, the agricultural product supply chain we focused on is
a loose supply chain. The cooperation between the supplier
and the retailer is a loose interorganization cooperation.
Therefore, distributive fairness and process fairness play a
much more important role in relationship than informational
fairness and interpersonal fairness. There also exists a close
supply chain in which the cooperation relationship between
the supplier and the retailer is a close cooperation. For example, the supply chain of Yonghui supermarket and its supplier
of proprietaries is a close supply chain. Informational fairness
and interpersonal fairness probably play a much more important role in relationship quality in such supply chain.
Third, governmental regulators should support and help
small suppliers through various ways. The results of our study
demonstrate that dependence mitigates the positive effects of
fairness perceptions on relationship quality. Indeed, suppliers
are more likely to suffer unfair treatment, such as a breach of
contracts or the forcing down of procurement prices, if they
are extremely dependent on retailers. For instance, one of
our interviewees mentioned how his distributors had violated
their contract: “The distributor issued an order request about
purchasing all the products after harvest, but during the
production they had not provided any supports or informed
us the specification of the goods. Finally, after we had grown
the products, they said our products were unqualified and
refused to purchase any of them.” Thus, governmental regulators need to supervise the transaction behavior in agricultural
product supply chains. For example, regulators could enforce
various measures or establish credibility and benefit sharing
incentive mechanisms to closely link the benefits of the two
parties, thereby avoiding situations in which retailers harm
the interests of suppliers. Moreover, dispersing small-scale
farming is the main reason why suppliers assume an inferior
position in the supply chain. Hence, integrating multisuppliers and expanding the scale of production appropriately
would help suppliers protect their lawful rights and realize
the objectives of food quality management [74].
5.3. Limitations and Future Research. Despite the great theoretical and managerial contributions of this study, there are
still few limitations. First, a primary finding of this study concerns the moderating effects of dependence on the path from
fairness perceptions to relationship quality. However, there is
the possibility that antecedents to fairness perceptions also
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have impacts on dependence. Therefore, future research may
consider dependence as a dependent variable and analyze
the interactions between dependence and the antecedents to
fairness perceptions. The second limitation is that we only
focus on the supplier side of the supply chain relationship.
Retailers’ perceptions are also essential for promoting the
relationship quality of supply chains. Therefore, further
studies are needed to examine the relationships between
every construct from retailers’ perspectives. Third, our data
were collected from a single country (China). Although it is
helpful to eliminate transnational variations as latent noises
in the model, this may lead to our conclusions suffering
from a lack of universality. Future studies could collect data
from multiple countries to testify how different geographical
environments influence the supplier-retailer relationship in
supply chains.
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How to sell fresh products quickly to decrease the storage cost and to meet customer quality requirement is of vital importance
in the food supply chain. Bundling fresh products is an efficient strategy to promote sales and reduce storage pressure of retailers.
In this paper, we consider the bundle pricing decisions for homogeneous fresh products with quality deterioration. The value of
fresh products with quality deterioration is approximated as an exponential function based on which customer’s reservation prices
are calculated. A nonlinear mixed integer programming model is used to formulate the bundle pricing problem for fresh products.
By adding auxiliary decision variables, this model is converted into a mixed integer linear program. Numerical experiments and
sensitive analysis are conducted to provide managerial insights for bundling fresh products with quality deterioration.

1. Introduction
A fresh product is an item that continues to deteriorate
over time and causes its quality and value to diminish,
such as fruits, vegetables, seafood, and meat. The market for
fresh products has been expanding for years and became an
important part of economic development. For example, in
China, the scale of fresh product retailers has been increasing
with the rate of 15% every year and has reached to 1,300 billion
in 2016, which accounts for 52% of the total agriculture output
[1]. However, the biochemical and physiological changes
lead to the qualitative and quantitative deterioration of the
fresh products, which accounts for a great amount of losses
to consumers and retailers. Statistic results show that the
quantity loss rate of fresh fruits and vegetables reaches up to
20% in China [2]. The cost of unsold products before their
sell-by-date is estimated to be billions of dollars each year [3].
Consequently, how to sell fresh products quickly to decrease
the storage cost and meet customer quality requirement is of
vital importance in the fresh product supply chain and is a
current managerial concern as well as an important research
issue.

Bundling fresh products is an efficient way to promote
selling of fresh products. It means selling two or more
fresh products together in one united price [4]. From the
practical perspective, bundling strategy provides an efficient
method to achieve business objectives and has been proven in
many industries, for example, grocery retailers [5], television
providers [6], and holiday packages [7]. From the theoretical
perspective, bundling strategy gives a novel viewpoint to
consider how to improve the social surplus in the area
of fresh product operations management. Firstly, bundling
could attract more consumers by a lower-price. For example,
when the peach is sold at a price of 2 dollars per pound, the
bundle will be sold at 3 dollars with two pounds together.
Secondly, bundling can reduce the storage by accelerating the
selling speed of fresh products. Finally, bundling can enrich
the quality control theory through bundling promotion for
those fresh products with potential of spoilage.
However, the decision for bundling fresh products is not
easy. The main reason is because the change of the qualitative
and quantitative deterioration in fresh products will lead to
the decrease on the value perceived by consumers [8]. The
food quality has always played an important role in the retail
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process since it has been considered as a direct factor to
influence a consumer’s purchase decision [9]. Since everyone
prefers a fresher product, the price has to be in accordance
with the freshness of the products. Otherwise, the bundle
will lose its attractive power to the consumer. Consequently,
it is difficult to decide a bundle with the right amount, at a
very appropriate price and on the right time, to maximize the
retailers profit when the quality demands of the consumers
are satisfied. Only when the profit of bundling is higher
than that of unbundling does the strategy have managerial
meanings.
In this paper, we consider the bundle pricing decisions
for fresh products with quality deterioration. We consider
the bundle of homogeneous fresh products. The value of
fresh products with quality deterioration is approximated
as an exponential function based on which the customer’s
reservation prices are calculated. A nonlinear mixed integer
programming model is used to formulate the bundle pricing
problem for fresh products. By adding auxiliary decision
variables, this model is converted into a mixed integer linear
program and solved by CPLEX. Numerical experiments
and sensitive analysis are conducted to provide managerial
insights for bundling fresh products with quality deterioration.

2. Literature Review
Our research is most related to two streams of literature,
namely, research on the bundle pricing problem and on the
problem of pricing for products with deterioration. In this
section, we will review the related academic work from the
following two areas.
(1) Bundle Pricing Problem. The composition and pricing of
bundles have been widely studied. Bundle sells can eliminate
the heterogeneity of customers and extract customer surplus
in order to achieve economic and marketing goals [4]. There
are two streams of bundle pricing literature. The first stream
is from the strategic level to bundle a typical kind of products,
for example, information product [10] and food product [11].
Managerial insights are provided from the strategic level. The
second stream is from the operational level with focus on
how to give an optimal scheme of pricing and composition of
bundles. The mostly used methods are probability model [12],
Bayes model [13], and MILPs (Mixed integer linear programs)
[14]. MILPs are efficient when the number of products is large
[15]. A mixed integer linear programing model was proposed
by Hanson and Martin (1990) [14] to address the bundle and
pricing problems for the first time. Then some academic work
extended the model to adapt to new problems. For example,
Jiang et al. (2011) [5] proposed a multistage online bundle
method, and Mayer et al. (2013) [7] considered the bundle
problem with capacity constraints. Wu et al. [16] studied
the customized bundle under which consumers decide on
the composition of the bundle while the seller determines
the size and price of the bundle. And the cardinality of the
set of solutions increases linearly with the number of single
products [7]. However, when the marginal costs of products
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are high and different from each other, the customized bundle
cannot be implemented.
(2) Pricing for Products with Deterioration. Recently, significant researches combine pricing for perishable products
with quality deterioration. We review this part from the
demand representation, decisions on pricing and deterioration inventory, and dynamic pricing methods. Firstly, one of
the issues in pricing perishable product is to measure the
time-and-price sensitive demand, and reference price effect
is the mostly used method. For example, Hardie et al. (1993)
demonstrated that differences between observed and reference quality can significantly affect purchase probabilities
[17] through empirical study. Dye and Yang (2016) modeled
the deteriorating goods pricing strategy with reference price
effects [18]. Secondly, a great number of models have been
proposed to investigate the deterioration inventory. For
example, Qin et al. (2014) consider the pricing and lot-sizing
problem when the quantity of fresh products is deteriorating
simultaneously [3]. Bai and Kendall (2008) assume that the
demand rate is dependent on the displayed inventory and
the freshness of an item, but the deterioration of freshness
is not connected with the deterioration characteristics of
fresh produce [19]. Finally, dynamic pricing is the mostly
used method for perishable produce for its flexible response
to the real-time demand. For example, Wang and Li (2012)
presented a dynamic pricing model with accurate quality
indicator to maximize food retailer’s profit and reduce food
spoilage waste [20]. Liu et al. (2015) formulate a joint dynamic
pricing and preservation model for perishable foods from
selling a given initial inventory of food [9].
The existing findings provide some fundamental elements
for our research. Due to the characters of the bundle pricing
problem with quality deterioration, the following work has
to be studied in this research. Firstly, how to approximate
the value of bundles consisting multiple fresh products with
quality deterioration. Secondly, when multiple products and
time periods are considered, how to formulate the problem
is worth further study. Our research aims to bridge the gaps
in current literature by approximating the time related value
of fresh product bundles, and by providing a mixed integer
nonlinear programming model to bundle homogeneous fresh
products with quality deterioration. These findings can provide operational tools for the grocery retailer to make pricing
strategy and carry out the inventory and promotion activities
on agriproducts.

3. Problem Description and Formulation
3.1. Problem Descriptions. In this section, we formulate the
optimal bundling and pricing problem for a fresh product with quality deterioration. We consider one kind of
fresh product. The model is formulated from the seller’s
(he) perspective who provides one kind of fresh product
to consumers (she) within the life cycle. For example, a
fruit retailer provides peaches to consumers. Due to the
quality deterioration of peaches, the retailer decides to bundle
multiple units of peaches from the second day at a lower
unit price as shown in Figure 1. The retailer is faced with the
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1st day

$8 for 1
unit of
peaches

2nd day

$14 for 2
units of
peaches

3rd day

$10 for 3
units of
peaches

Figure 1: An example of bundling fresh products.

(1) Number of Potential Consumers 𝐼, Bundle 𝐽, and Life Cycle
Time 𝑇. We assume the number of potential consumers is 𝐼
with index of 𝑖. It could be estimated by the historical data in
reality. The number of potential bundles is 𝐽, with index of
𝑗 to represent for the number of items included in a bundle.
The life cycle time of the fresh product is defined as 𝑇 with
index of 𝑡, which begins from 1. At the beginning of each time
period, the retailer needs to decide a preferred bundle pricing
strategy. For example, as shown in Figure 1, the retailer can
bundle two units of peaches on the 2nd day at the price of $6.
(2) Value of Single Fresh Products with Quality Deterioration.
The biochemical and physiological changes lead to the qualitative and quantitative deterioration in fresh products, such
as fruits, vegetables, and meat. Quality degradation reduces
consumer acceptability as well as the value perceived by the
consumers. In order to make the bundle pricing strategy
efficiently, it is necessary to develop mathematical models
to capture the effect of quality deterioration to the value
of consumers. Intuitively, the value of the fresh products is
decreased with the decaying of freshness and even drops
to zero as time passes by, as shown in Figure 2. The most
common method to approximate the perceived value of fresh
products is to use the function of product lifecycle. The most
studied model is the exponential function to capture the
character of quality deterioration. According to Wang and Li
(2012) [20], the value function is formulated as
𝑉 (𝑡) = 𝑒−𝑏(𝑡−1) ,

(1)

where 𝑏 represents the decreasing factor of the fresh product
and 𝑏 > 0. A higher level of 𝑏 demonstrates a quicker
deterioration rate.
(3) Reservation Prices of Bundle of Multiple Fresh Products
with Quality Deterioration. Following Stigler (1963), we first
assume that customer demand information is captured by a

Value

problem to decide how many units of goods to be included in
a bundle at a specific time, and how to price these bundles to
maximize its profit while consumers maximize their surplus.
The basic assumption and notations are as follows.

Time

Figure 2: The value of fresh products in the life cycle.

vector of reservation prices of the items that go into a bundle
[1]. Reservation prices have been widely used in the literature
to develop customized pricing models [21]. It is regarded as
the consumer’s upper bound of willingness to pay for one
product. The reservation prices can be fixed or generated
by some sort of valuation distribution. For a bundle with
multiple fresh products, the reservation prices are decreasing
with the quality deterioration and also follow the law of
diminishing marginal utility. Let 𝑅𝑖11 be the reservation price
of consumer 𝑖 for one unit fresh product at the first time
period, which is the freshest time. 𝑅𝑖𝑗𝑡 is the reservation price
of consumer 𝑖 to a bundle consisting 𝑗 unit fresh products
at time 𝑡, and it could be formulated by (2), where 𝛽 is the
marginal decreasing rate of multiple products.
2

𝑅𝑖𝑗𝑡 = [𝑗𝑅𝑖11 − 𝛽 (𝑗 − 1) ] 𝑉 (𝑡)
2

= [𝑗𝑅𝑖11 − 𝛽 (𝑗 − 1) ] 𝑒−𝑏(𝑡−1) .

(2)

(4) Customer Decisions Rules. Customers’ purchasing decisions are determined by their consumer surplus, which
means the difference between the total reservation price for
a product (bundle) and the price they pay [5]. Customers
would prefer a product (bundle) under two conditions: (1)
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individual rationality constraint, which means a product may
only be bought if its surplus to consumer is greater than 0;
(2) compatibility constraint, which indicates a consumer will
select a product if it has the highest surplus. The retailer has
to consider consumers’ optimal decision rules, which appear
as constraints in the retailer’s optimization problem [16].
A complete list of parameters and variables is shown as
follows.
Definitions of the Parameters and Variables Used in the Model
𝐼: Number of consumers
𝑖: Indices of consumers

products as a nonlinear mixed integer programming model.
The primal problem is given by IP.
Primal Problem IP
𝑖

𝑗

𝑇

max ∑ ∑ ∑ (𝑃𝑗𝑡 − 𝑐𝑗 ) 𝑋𝑖𝑗𝑡 ,
𝐽 𝑇

s.t.

𝑆𝑖 = ∑ ∑ (𝑅𝑖𝑗𝑡 − 𝑃𝑗𝑡 ) 𝑋𝑖𝑗𝑡 ,
𝑆𝑖 ≥ (𝑅𝑖𝑗𝑡 − 𝑃𝑗𝑡 ) 𝑌𝑗𝑡 ,

𝑖 = 1, . . . , 𝐼; 𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,
(𝑅𝑖𝑗𝑡 − 𝑃𝑗𝑡 ) 𝑋𝑖𝑗𝑡 ≥ 0,

𝑇: Total life cycle period of fresh products
𝑡: Indices of life cycle period of fresh product, which is
set from 1
𝑐𝑗 : Cost of creating a bundle of 𝑗 goods. This may include
the sum of marginal production cost, transaction cost,
packaging cost, and so on
𝑅𝑖𝑗𝑡 : Reservation price of consumer 𝑖 to bundle 𝑗 at time 𝑡.
It is decreasing with time and number of items in the
bundle. Particularly, 𝑅𝑖11 represents the reservation
price of consumer 𝑖 for one unit fresh product at the
1st time period
𝛽: Marginal decreasing rate of multiple products
𝑏: The deterioration rate of the fresh product.
Decision Variables or Intermediate Variables
𝑃𝑗𝑡 : Price of a bundle with 𝑗 products to be sold at time 𝑡
𝑌𝑗𝑡 : The decision variable which equals 1 if the retailer
chooses to offer the bundle of 𝑗 goods on the menu,
and 0 otherwise
𝑋𝑖𝑗𝑡 : The decision variables which equal 1 if consumer 𝑖
chooses to buy the bundle of 𝑗 units of goods at time
𝑡
𝑆𝑖 : Consumer 𝑖’s surplus for the bundle she chooses.
3.2. Model Formulation. In this section, we formulate the
optimal bundling and pricing problem for homogeneous
fresh products. The seller providers 𝐽 units of fresh goods
to 𝐼 consumers within the life cycle of fresh products 𝑇.
The model is developed from the seller’s perspective to
optimize the profit while customers maximize their surplus.
The problem for the seller is deciding how many goods
to be included in each bundle at a specific time and how
to price these bundles to maximize his profit, subject to a
set of consumers’ individual rationality and compatibility
constraints. According to the basic notations defined in
Section 3.1, we formulate the bundle pricing problem for fresh

𝑖 = 1, . . . , 𝐼,

(4)

𝑗=1𝑡=1

𝐽: Maximum number of products, 𝐽, within a bundle
𝑗: Indices of bundles with 𝑗 units of fresh products in it

(3)

𝑖=1 𝑗=1𝑇=1

𝑖 = 1, . . . , 𝐼; 𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,
2

𝑅𝑖𝑗𝑡 = [𝑗𝑅𝑖11 − 𝛽 (𝑗 − 1) ] ⋅ 𝑒−𝑏(𝑡−1) ,
𝐽 𝑇

(5)

(6)
(7)

𝑖 = 1, . . . , 𝐼,

(8)

𝑡 = 1, 2, . . . , 𝑇,

(9)

∑ ∑𝑋𝑖𝑗𝑡 ≤ 1,

𝑗=1𝑡=1
𝐽

∑𝑌𝑗𝑡 ≤ 1,

𝑗=1

𝑋𝑖𝑗𝑡 ≤ 𝑌𝑗𝑡 ,
𝑖 = 1, . . . , 𝐼; 𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,
𝑆𝑖 ≥ 0,
𝑃𝑗𝑡 ≥ 0,

𝑖 = 1, . . . , 𝐼,
𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,

𝑋𝑖𝑗𝑡 = 0 or 1,
𝑖 = 1, . . . , 𝐼; 𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,
𝑌𝑗𝑡 = 0 or 1,

𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇.

(10)
(11)
(12)
(13)
(14)

The objective function (3) maximizes the total profits of
the retailer. This is calculated by summing the profit obtained
from each customer minus the cost of the bundle. Constraints
(4) and (5) define consumer surplus of a bundle and also
ensure that each customer maximizes her surplus 𝑆𝑖 when
making her choice. This is the compatibility constraint which
guarantees the final consumer surplus obtained from her
choice of bundle is no less than the consumer surplus from
any other bundle. Constraint (6) represents the individual
rational constraint and ensures that the consumer will choose
a bundle only if her surplus on this bundle is nonnegative.
Constraint (7) calculates the reservation prices of consumer
𝑖 for bundle 𝑗 at time 𝑡. Constraint (8) ensures that each
customer will purchase no more than one bundle. Constraint
(9) ensures that the retailer will provide only one bundle at
each time period. Constraint (10) ensures that only if the
retailer offers the bundle can customers buy it. Constraints
(11) and (12) are nonnegativity constraints for consumer
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𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,

surplus and bundle price. Constraint (13) enforces the integer
property of the decision variables with respect to consumer
purchases, and constraint (14) enforces the integer property
of the decision variables with respect to bundle offerings.

𝐿 𝑗𝑡 − 𝑀𝑌𝑗𝑡 ≤ 0,

3.3. Model Conversion. Due to the complication of the mixed
integer nonlinear programming model, we can hardly solve it.
In this paper we convert the model into a mixed integer linear
programming model by adding auxiliary decision variables
and by using the big M method. The big M method, as
one of regular and effective ways to handle the nonlinear
integer optimization, has been adopted widely to linearize the
nonlinear mixed integer decision variables and convert the
original optimization into a linear one [22].
Let 𝐾𝑖𝑗𝑡 = 𝑃𝑗𝑡 𝑋𝑖𝑗𝑡 , 𝐿 𝑗𝑡 = 𝑃𝑗𝑡 𝑌𝑗𝑡 , and by using the
big M method, the original model (IP) is converted into a
new model (CP). The objective function of IP is converted
into function (3.1) in CP, and the constraints (3.2)–(3.4)
are restrictions to guarantee the value of 𝐾𝑖𝑗𝑡 to be equal
to 𝑃𝑗𝑡 𝑋𝑖𝑗𝑡 . The constraint (4) in IP is converted into (4.1)
in CP. The constraint (5) in IP is converted into (5.1), and
constraints (5.2)–(5.4) can ensure 𝐿 𝑗𝑡 = 𝑃𝑗𝑡 𝑌𝑗𝑡 . Formulation
(15) determines the value of big number 𝑀 according to
the character of the model. Constraints (16) and (17) are
nonnegative constraints of new variables 𝐾𝑖𝑗𝑡 and 𝐿 𝑗𝑡 .
After conversion, the model can be solved by CPLEX. The
detailed code of CPLEX is omitted, and we will test the model
through numerical experiments in the following section.

𝑅𝑖𝑗𝑡 = [𝑗𝑅𝑖11 − 𝛽 (𝑗 − 1) ] ⋅ 𝑒−𝑏(𝑡−1) ,

max

𝐽

∑∑∑ (𝐾𝑖𝑗𝑡 − 𝑐𝑗 𝑋𝑖𝑗𝑡 ) ,

(3.1)

𝑡=1 𝑖=1 𝑗=1

s.t.

𝑖 = 1, . . . , 𝐼; 𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,

(6)

2

𝑖 = 1, . . . , 𝐼; 𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,
𝐽 𝑇

∑ ∑𝑋𝑖𝑗𝑡 ≤ 1,

𝑖 = 1, . . . , 𝐼,

(8)

𝑡 = 1, 2, . . . , 𝑇,

(9)

𝑗=1𝑡=1
𝐽

∑𝑌𝑗𝑡 ≤ 1,

𝑗=1

𝑋𝑖𝑗𝑡 ≤ 𝑌𝑗𝑡 ,
𝑖 = 1, . . . , 𝐼; 𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,
𝑆𝑖 ≥ 0, 𝑖 = 1, . . . , 𝐼,
𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,

𝑃𝑗𝑡 ≥ 0,

𝑋𝑖𝑗𝑡 = 0 or 1,
𝑖 = 1, . . . , 𝐼; 𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,
𝑌𝑗𝑡 = 0 or 1,

(7)

𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,

(10)
(11)
(12)
(13)
(14)

𝐽

Problem CP
𝑇 𝐼

𝑅𝑖𝑗𝑡 𝑋𝑖𝑗𝑡 − 𝐾𝑖𝑗𝑡 ≥ 0,

(5.4)

𝑖 = 1, . . . , 𝐼; 𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,
𝐾𝑖𝑗𝑡 + 𝑀 (1 − 𝑋𝑖𝑗𝑡 ) ≥ 𝑝𝑗𝑡 ,
𝑖 = 1, . . . , 𝐼; 𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,
𝐾𝑖𝑗𝑡 − 𝑀𝑋𝑖𝑗𝑡 ≤ 0,
𝑖 = 1, . . . , 𝐼; 𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,
𝐽 𝑇

𝑗=1

𝐾𝑖𝑗𝑘 ≥ 0,

𝐾𝑖𝑗𝑡 − 𝑀 (1 − 𝑋𝑖𝑗𝑡 ) ≤ 𝑝𝑗𝑡 ,

𝑆𝑖 = ∑ ∑ (𝑅𝑖𝑗𝑡 𝑋𝑖𝑗𝑡 − 𝐾𝑖𝑗𝑡 ) ,

𝑀 = 10 ∑𝑐𝑗 ,

𝑖 = 1, . . . , 𝐼,

𝑗=1𝑡=1

𝑆𝑖 ≥ 𝑅𝑖𝑗𝑡 𝑌𝑗𝑡 − 𝐿 𝑗𝑡 ,
𝑖 = 1, . . . , 𝐼; 𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,
𝐿 𝑗𝑡 − 𝑀 (1 − 𝑌𝑗𝑡 ) ≤ 𝑃𝑗𝑡 ,
𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,
𝐿 𝑗𝑡 + 𝑀 (1 − 𝑌𝑗𝑡 ) ≥ 𝑃𝑗𝑡 ,
𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,

(3.2)

𝑖 = 1, . . . , 𝐼; 𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇,
𝐿 𝑗𝑡 ≥ 0,

𝑗 = 1, . . . , 𝐽; 𝑡 = 1, . . . , 𝑇.

(15)

(16)
(17)

(3.3)

4. Numerical Experiments and
Sensitivity Analysis

(3.4)

In this section we study the effectiveness of the proposed
model through a couple of numerical experiments.

(4.1)

(5.1)

(5.2)

(5.3)

4.1. The Data Sets
(1) Reservation Prices. Reservation prices have been widely
used in literature to develop customized pricing models [13].
In this study, the customers’ reservation prices for one unit of
fresh product at beginning of the selling season 𝑅𝑖11 should
be set firstly. Following Wu et al. (2008) [16], we assume 𝑅𝑖11
is normally distributed, 𝑅𝑖11 ∼ 𝑈(𝑟𝑙0 , 𝑟𝑢0 ). Here, 𝑟𝑙0 and 𝑟𝑢0 are
the lower and upper bounds of customers’ reservation prices.
According to Jiang et al. (2011) [5], the relationship between
price, cost, and the highest reservation price is 𝑟𝑢0 = 2𝑝 − 𝑐,
where 𝑝 and 𝑐 are posted price and cost of the product. Then
the upper bound of reservation price can be derived. As for
the lower bound of the reservation price, let 𝑟𝑙0 = (1 − 𝜆)𝑟𝑢0 ,
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Table 1: Base values of parameters.

𝐼
10

𝐽
10

𝑇
6

𝑐𝑗 ($)
4𝑗

𝑅𝑖11 ($)
𝑈(6, 12)

𝛽
0.5

𝑏
0.04

Table 2: An Example of bundle pricing decisions with quality deterioration.
t

BS
(#unit)

BP
($/bundle)

1
2
3
4
5
6

8
6
2
1
7
9

60.9
47.8
16.7
8.2
46.97
51.9

Bundle strategy
BP/BS
Retailer profit
($/unit)
($)
7.61
7.97
8.35
8.20
6.71
5.77

156.58

𝜆 ∈ [0, 1]. Here 𝜆 represents the differences between the
lowest and highest reservation prices. A higher level of 𝜆
means a higher level of heterogeneity in consumers’ valuation
of the product. Taking the bundle case given in Figure 1 as an
example, the price of each unit of peach on the 1st day is $8,
and the cost is $4. We found 𝑟𝑢0 = 2𝑝 − 𝑐 = 12 and let 𝜆 = 0.5;
then 𝑟𝑙0 = 6, 𝑅𝑖11 ∼ 𝑈(6, 12).
(2) Setting of Parameters. Let the maximum number of bundle
𝐽 = 10, and the number of customers 𝐼 = 10 in the base
experiment. The life cycle time of the fresh products 𝑇 is set
to be 6, which also means the retailer has 6 decision points to
launch bundling strategies to promote sales. The cost of each
unit of fresh product is set to be $4. Table 1 gives the setting
of parameters in the basic example.
4.2. Numerical Results. We use the basic values shown in
Table 1 to give an overview of the proposed model for
bundling fresh products with quality deterioration. Three
indexes are used to show the characteristics of bundles,
namely, bundle size (BS, number of items within a bundle),
bundle price (BP), and unit product price of a bundle
(BP/BS). We also list the results of unbundle strategy, which
means in each period the fresh products are sold individually.
The results are shown in Table 2 and characteristics of
bundle and unbundle strategies in different time periods are
compared. Managerial implications are as follows. (1) It is
clear that, by using bundle strategy, the retailer profit and
consumer surplus are both increased. It is because a bundle
with proper price can stimulate consumers to purchase more
products. (2) At the beginning of the life cycle, it is better to
set a larger-size bundle with a relative lower unit price than
the individual price under unbundle strategy (“larger-size
& lower-price”). It can be explained that consumers prefer
fresh products and an effective bundle at the beginning of
product life cycle could bring a higher consumer surplus and
consequently increase retailer profit. (3) At the end of life
cycle, because the deterioration degree is increased, both the
bundle size and bundle price have to be set at a lowest level
strategy (“larger-size & lowest-price”).

Consumer
surplus ($)

Price
($/unit)

34.06

9.28
8.92
8.57
7.63
6.94
6.02

Unbundle strategy
Retailer profit
Consumer
($)
surplus ($)

36.97

11.44

4.3. Sensitivity Analysis. In this section, we investigate how
parameters variations affect the bundling strategies. We first
study the impacts of changes in the deterioration rate of fresh
products. Then changes in the range of customer reservation
price distribution are examined subsequently.
(1) Deterioration Rate Variation. The parameter 𝑏 represents
the decreasing factor of the fresh product and 𝑏 > 0. A higher
level of 𝑏 demonstrates a faster deterioration rate. We now set
𝑏 as 0.01, 0.04, and 0.07. The results are listed in Table 3. It
indicates that (1) regardless of the change in 𝑏 the retailer can
still choose to use “larger-size & lower-price” and “larger-size
& lowest-price” strategies at the beginning and the end of the
life cycle, respectively. (2) As the deterioration rate increases,
both the bundle size and unit product price at the end of
life cycle are shrunk. It is because that the consumers’ value
of the product with quality deterioration will drop down
shapely. A larger-size bundle at the end of life cycle can hardly
derive consumer surplus. Consequently, a relatively smaller
size bundle will be preferred if the quality decays faster.
(2) Range Variation of Reservation Prices. The range 𝜆
represents the differences between the lowest and highest
reservation prices. A higher level of 𝜆 means a higher level of
heterogeneity in consumer valuation on the product, as well
as a lower level of customer consumption level [16]. The effect
of changing in 𝜆 on the bundle pricing problem is shown
in Table 4. It shows that (1) the “larger-size & lower-price”
and “larger-size & lowest-price” strategies are still useful at
the beginning and the end of the life cycle, respectively. (2)
However, under the scenario of lower level 𝜆, the bundle
size is relatively smaller, but the unit product price is a little
bit higher. The reason lies in the fact that a lower level 𝜆
represents a higher consumption level and consumers are
almost homogeneous. Consequently, the prices can be set at
a high level. But a smaller bundle size is more preferred.
(3) Marginal Decreasing Rate Variation for Multiple Products.
Intuitively, for a bundle with multiple homogeneous fresh
products, its value to the consumer will follow the rule of
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Table 3: Effect of deterioration rate variation on bundle pricing decisions.

𝑡

BS
(#unit)

𝑏 = 0.01
BP
($/bundle)

BP/BS
($/unit)

BS
(#unit)

𝑏 = 0.04
BP
($/bundle)

BP/BS
($/unit)

BS
(#unit)

𝑏 = 0.07
BP
($/bundle)

BP/BS
($/unit)

1
2
3
4
5
6

8
6
2
6
10
9

60.6
49.2
17.7
48.1
65.1
61.3

7.58
8.20
8.85
8.02
6.51
6.81

8
6
2
1
7
9

60.9
47.8
16.7
8.2
46.97
51.9

7.61
7.97
8.35
8.20
6.71
5.77

8
2
5
6
1
3

59.6
16.8
37.4
39.8
7.0
20.5

7.45
8.42
7.48
6.64
7.01
6.83

Table 4: Effect of range variation of reservation prices on bundle pricing decisions.
𝑡

BS
(#unit)

𝜆 = 0.2
BP
($/bundle)

BP/BS
($/unit)

BS
(#unit)

𝜆 = 0.5
BP
($/bundle)

BP/BS
($/unit)

BS
(#unit)

𝜆 = 0.8
BP
($/bundle)

BP/BS
($/unit)

1
2
3
4
5
6

8
4
4
1
3
5

60.9
35.0
33.6
9.1
23.34
34.25

7.61
8.74
8.40
9.07
7.78
6.85

8
6
2
1
7
9

60.9
47.8
16.7
8.2
46.97
51.9

7.61
7.97
8.35
8.20
6.71
5.77

9
4
4
9
10
10

65.5
33.9
32.6
57.4
57.5
53.5

7.28
8.48
8.15
6.38
5.75
5.35

Table 5: Effect of marginal decreasing rate variation for multiple products on bundle pricing decisions.
𝑡

BS
(#unit)

𝛽 = 0.2
BP
($/bundle)

BP/BS
($/unit)

BS
(#unit)

𝛽 = 0.5
BP
($/bundle)

BP/BS
($/unit)

BS
(#unit)

𝛽 = 0.8
BP
($/bundle)

BP/BS
($/unit)

1
2
3
4
5
6

10
4
2
6
10
10

86.5
33.9
17.0
48.18
66.8
62.0

8.65
8.48
8.50
8.03
6.68
6.20

8
6
2
1
7
9

60.9
47.8
16.7
8.2
46.97
51.9

7.61
7.97
8.35
8.20
6.71
5.77

6
4
2
3
3
3

43.5
32.0
16.4
23.2
22.1
21.2

7.26
7.99
8.20
7.72
7.38
7.05

diminishing marginal utility. Here, we use 𝛽 to demonstrate
the marginal decreasing rate. Practically, it can indicate
whether a fresh product is proper to bundle with too many
amounts. For example, compared with the apple, the durian
is definitely not appropriate to bundle with too many amounts
for its particular flavor and larger-size. And it will have a
higher level of 𝛽. Results of changing in 𝛽 are shown in
Table 5. (1) It indicates that at the beginning and the end of
life cycle, the larger-size bundles are preferred. It is consistent
with the previous results. (2) However, the increase in 𝛽
will definitely drop down the bundle size, whereas the unit
product price will maintain a higher level. It can be explained
intuitively that a product with higher marginal decreasing
rate is suited for small size bundle. And the retailer can earn
profit only if the price is set at a relatively higher level.

5. Conclusions
This study has investigated the bundle pricing problem for
homogeneous fresh products with quality deterioration. The
time value of fresh products has been approximated by using
a lifecycle function, based on which the consumer reservation
price has been formulated. Then, we have formulated the
bundle pricing problem as a nonlinear mixed integer programming model. Next, the big M method has been used
to linearize the nonlinear model, and the model has been
converted into a linear one. Finally, we have carried out
several numerical experiments to verify the efficiency and
effectiveness of bundling pricing strategy. Numerical results
demonstrated that the best time to bundle a larger number
of fresh products was right after the beginning of the selling
time and at the end of life cycle. Besides, the decrease in
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consumer heterogeneity and increase in deterioration rate
would drop down the bundle size at a stable level in the whole
life cycle of the fresh products. These findings can not only
guide the grocery retailer to make price strategy and carry
out the inventory and promotion activities on agriproducts,
but also enrich the theoretical contributions in agricultural
operations management.
A shortcoming of this work is lack of solution algorithm
for the proposed model. We leave it in our future work.
Besides, some potential research questions include the following areas. First, the combination with the technology of
IOT (Internet of Things) to get the real-time data of fresh
product quality is a direction to improve the practicability of
the proposed model. Second, incorporating the logistics service into the proposed model is also worth further studying.
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This paper considers a food supply chain where multiple suppliers provide completely substitutable food products to two
manufacturers. Meanwhile, the suppliers face yield uncertainty and the manufacturers face uncertain production costs that are
private information. While the suppliers compete on price, the manufacturers compete on quantity. We build a stylized multistage
game theoretic model to analyze the issue of vertical cost-information sharing (VCIS) within the supply chain by considering key
parameters, including the level of yield uncertainty, two manufacturers’ cost correlation, the correlated coefficient of suppliers’
yield processes, and the number of suppliers. We study the suppliers’ optimal wholesale price and the manufacturers’ optimal order
quantities under different VCIS strategies. Finally, through numerical analyses, we examine how key parameters affect the value of
VCIS to each supplier and each manufacturer, respectively. We found that the manufacturers are willing to share cost information
with suppliers only when the two manufacturers’ cost correlation is less than a threshold. While a high correlated coefficient of
suppliers’ yield processes and a large number of suppliers promote complete information sharing, a high level of yield uncertainty
hinders complete information sharing. All these findings have important implications to industry practices.

1. Introduction
Information asymmetry between supply chain (SC) members
is a great challenge for food SC management. Information
sharing is an effect tool to eliminate the impact of information
asymmetry on SC partners’ performances [1]. Demand information sharing [2] and cost-information sharing [3] have
been much discussed by scholars. Most of literature assumed
that the suppliers are reliable, while in industry practices the
suppliers are unreliable due to various uncontrollable factors
including equipment error and natural hazards. Our work
focuses on vertical cost-information sharing by considering
the suppliers with yield uncertainty.
Yield uncertainty is a popular phenomenon in the
agricultural and food industries. The quality of agricultural
and food products is very sensitive to temperature, humidity,
and other natural conditions. For example, in agribusinesses,
the yield of crop per acre is uncertain as it depends on such
factors as climate condition, irrigation level, and so forth

(http://nca2014.globalchange.gov/report/sectors/agriculture).
Recently Recha et al. [4] have provided a symmetric report
about the effect of climate-correlated conditions on food
quality. Some scholars analyzed food SC management
in different views. For example, Nyamah et al. [5] and
MacKenzie and Apte [6] investigated food quality risk
management from the operations management perspective.
Keizer et al. [7] and Jin et al. [8] investigated food SC by
considering supply network and food traceability, respectively. They examined food SC in a complete information
situation, whereas in reality information asymmetry between
upstream and downstream SC firms often exists.
After the sourcing firms (i.e., manufacturers) have
received the product from farmers (i.e., suppliers), they
process these products into final products with one unit
marginal cost and sell in a common market. The marginal
costs are also uncertain due to uncertain labor cost, uncertain
storage costs, and other uncontrollable factors. Both supply
uncertainty and cost uncertainty directly affect upstream and
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downstream SC firms’ wholesale prices and order quantity
decisions. In this paper, we consider that two manufacturers’
costs are their private information.
Motivated by the real business situation as mentioned
above, this paper examines a SC with multiple suppliers
and two manufacturers and aims to answer two important
questions. First, how do suppliers and manufacturers make
decisions on wholesale prices and order quantities, respectively, under different VCIS scenarios? (2) Are manufacturers
willing to disclose cost information to suppliers?
To answer the above questions, we build a classic threestage game model. At the 1st-stage VCIS game, each manufacturer has two VCIS strategies: share and not share. Hence,
there are four VCIS scenarios: (1) both manufacturers share
cost information (i.e., complete cost-information sharing,
CCIS); (2) none of them share cost information (i.e., no costinformation sharing, NCIS); (3) manufacturer 1 shares cost
information, but manufacturer 2 does not; (4) manufacturer
2 shares cost information, but manufacturer 1 does not. The
2nd stage is the multiple suppliers’ selling price game, and the
3rd stage is the two manufacturers’ selling quantities game.
After solving each subgame, we obtain the suppliers’ optimal
wholesale prices and the two manufacturers’ optimal order
quantities under each VCIS scenario. Further, we found that
both manufacturers are willing to share cost information
with their suppliers. Moreover, we found that complete
information sharing will benefit all SC partners and the whole
SC.
The remainder of this paper is as follows. Section 2 summarizes the related work. The model framework is shown in
Section 3. The equilibrium solutions for four VCIS scenarios
are provided in Section 4. The VCIS game is analyzed in
Section 5. Section 6 provides a numerical analysis. Conclusions are drawn in Section 7.

2. Related Work
Our research is closely related to information sharing. The
literature in this area can be divided into two streams: horizontal information sharing (HIS) and vertical information
sharing (VIS) [9].
Some scholars focus on HIS. For example, Clarke [10]
and Galor [11] studied HIS in an oligopoly model and
showed that no HIS is a unique equilibrium. Kirby [12]
investigated the incentive for HIS in an oligopoly model
where firms have nonlinear product costs and showed that
HIS exists under some conditions. Vives [13] discussed firms’
HIS under Cournot competition and Bertrand competition,
respectively. Li [14] examined the inventive for demand and
cost-information sharing. Zhu [3] and Zhou and Zhu [15]
investigated the incentive for cost-information sharing in a
business-to-business setting under Cournot competition. Wu
et al. [16] examined HIS by considering firms with capacity
constraints. Natarajan et al. [17] analyzed HIS by considering
time as an important factor in their model. Jiang and Hao
[18] showed that information sharing and cooperative price
for firms are strategic complements.
On the other hand, some researchers focus on VIS in a
SC context. Li [19] and Zhang [20] took information leakage
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into account when studying VIS within a SC. Subsequently,
Anand and Goyal [21], Kong et al. [22], and Shamir [23] investigated VIS by taking into account the fact that information
leakage comes from the upstream suppliers. Li and Zhang [2]
examined how the level of confidentiality influences firms’
VIS decisions. Ha et al. [24, 25] studied VIS in two competing
SCs. Wu et al. [26] examined the relationship between
channel construction and VIS. Jiang and Hao [27] examined
VIS under different channel structures. Subsequently, Zhou
et al. [28] explored the effect of group purchasing organizations (GPOs) on VIS. Zhang and Xiong [29] explored
VIS in a closed-loop SC. These papers focused on demand
information sharing. Cost-information sharing has also been
researched by several scholars. For example, Yao et al. [30]
explored cost-information sharing in a SC by considering
value-added costs as retailers’ private information. Liu et
al. [31] examined the interplay between VCIS and channel
choices. Kostamis and Duenyas [32] investigated the value
of both cost and demand information sharing. Moreover,
Cachon and Lariviere [33], Eksoz et al. [34], and ResendeFilho and Hurley [35] explored the value of information to
SC operational decisions.
Our work is different from those works above in that
we examine the incentive for VCIS within a SC which has
𝑛-suppliers and two competing manufactures. The suppliers
are subject to yield uncertainty and are engaged in setting
price. Therefore, this is the first study to address the abovementioned business scenario.

3. Model Framework
In this paper, we consider a SC with 𝑛 unreliable suppliers and
two competing manufacturers with private cost information.
The suppliers sell complete substitutable food products to the
two manufacturers.
3.1. Supply and Cost-Information Structures. The suppliers’
yield uncertainty is modeled as a random proportion [36];
that is, if one manufacture’s order quantity for each supplier
is 𝑞𝑖𝑘 , the final quantity received from each supplier is a
random proportion 𝑦𝑘 of 𝑞𝑖𝑘 , that is, 𝑦𝑘 𝑞𝑖𝑘 . We assume that
𝑦𝑘 ∈ (0, 1] and 𝐸[𝑦𝑘 ] = 𝜇 ≤ 1 and Var[𝑦𝑘 ] = 𝜎𝑦2 (the
same assumption is provided in [37–39]). Also, we assume
that 𝜌 = Cov(𝑦𝑘 , 𝑦𝑙 )/𝜎𝑦2 and 𝜌 ∈ [−1, 1), 𝑘 ≠ 𝑙. In addition,
let 𝛿 = 𝜎𝑦 /𝜇 denote the level of yield uncertainty. Each
supplier’s expected cost is 𝑐, where 𝑐 = 𝑐1 /𝜇 + 𝑐2 and 𝑐1 and
𝑐2 represent the unit manufacture cost and the unit transport
cost, respectively.
Each manufacturer’s marginal cost 𝑐𝑚𝑖 is uncertain, and
we assume that 𝑐𝑚𝑖 follows a normal distribution with
𝐸[𝑐𝑚𝑖 ] = 0 and Var[𝑐𝑚𝑖 ] = 𝜎2 [19]. It is also assumed that
𝑐𝑚𝑖 and 𝑐𝑚𝑗 satisfy the following: (1) 𝐸[𝑐𝑚𝑖 | 𝑐𝑚𝑗 ] = 𝛾𝑖 + 𝛾𝑗 𝑐𝑚𝑗 ,
where 𝛾𝑖 , 𝛾𝑗 are positive constants for all 𝑗 = 3 − 𝑖, 𝑖 = 1, 2, and
(2) 𝑐𝑚𝑖 and 𝑐𝑚𝑗 are identically distributed. Therefore, we have
𝐸 [𝑐𝑚𝑖 | 𝑐𝑚𝑗 ] = 𝜂𝑐𝑚𝑗 ;
𝐸 [𝑐𝑚𝑖 𝑐𝑚𝑗 ] = 𝜂𝜎2 ;
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𝐸 [𝑐𝑚𝑖 𝑐𝑚𝑖 ] = 𝜎2 ,

(5) The yield and cost uncertainties are realized, and the
demand is satisfied.

(1)
where 𝜂 = Cov[𝑐𝑚𝑖 𝑐𝑚𝑗 ]/𝜎2 and 𝜂 ∈ (0, 1).
3.2. The Demand Function. Similar to [19, 40], we assume that
the inverse demand function is
𝑃 = 𝑎 − 𝑄𝑖 − 𝑄𝑗 , 𝑗 = 3 − 𝑖, 𝑖 = 1, 2,

(2)

where 𝑎 is demand intercept, 𝑃 is the product’s retail price,
and 𝑄𝑖 and 𝑄𝑗 are the manufacturer 𝑖’s and the manufacturer
𝑗’s selling quantities in the common market.
3.3. Sequence Decisions Made by the Manufacturers and
Suppliers. The sequence of decisions made by SC members
is specified as follows:
(1) Each downstream SC member (i.e., manufacturer)
decides whether to share the cost information with
upstream SC members (i.e., suppliers) or not.
(2) The suppliers make a decision on prices.
(3) The manufacturers make a decision on selling quantities.
(4) The suppliers make production decisions and transport products.
2

𝑞𝑖1

𝑖𝑛

𝑖=1 𝑘=1

Supplier 𝑘’s (𝑘 = 1, 2, . . . , 𝑛) optimization problem is
max
𝑤𝑘

[𝜋𝑠𝑘 | 𝑐𝑚1 , 𝑐𝑚2 ]
(4)

−

(1 +
2𝜇 (1 −

𝑛

𝑛

𝑛

𝑘=1

𝑘=1

𝑘=1

𝜌𝛿𝑦2 ) ∑𝑛𝑘=1

[(1 +

𝛿𝑦2 )

(𝑎 − 𝑤𝑘 )
3𝜇 (1 − 𝜌) 𝛿𝑦2

−
(𝑎 − 𝑤𝑘 )

+ (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

1
2𝜇 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

1
𝑌𝑌∗
⋅ 𝐸 (𝑐𝑚𝑖 | 𝑐𝑚𝑖 , 𝑐𝑚𝑗 ) − 𝐸 (𝑞𝑗𝑘
| 𝑐𝑚𝑖 , 𝑐𝑚𝑗 ) .
2

(3)

𝑌𝑌∗
𝑞𝑖𝑘

−

(𝑎 − 𝑤𝑘 )
=
2𝜇 (1 − 𝜌) 𝛿𝑦2

𝜌) 𝛿𝑦2

4.1. Subgame (𝑌, 𝑌): Both Manufacturers Share Cost Information. If both manufacturers choose VCIS, the suppliers
can make an optimal decision based on 𝑐𝑚1 and 𝑐𝑚2 . One
manufacturer can infer the other manufacturer’s private cost
information from 𝑤𝑘𝑌𝑌∗ [19].
Therefore, under subgame (𝑌, 𝑌), manufacturer 𝑖’s (𝑖 =
1, 2) optimization problem is

=

𝑌𝑌∗
𝑞𝑖𝑘
(𝑖 = 1, 2, 𝑘 = 1, 2, . . . , 𝑛) should satisfy the following
1st-order condition:

−

In this section, because strategies (𝑌, 𝑁) and (𝑁, 𝑌) are
symmetrical, we only consider strategy (𝑌, 𝑁). We address the
∗
and suppliers’ optimal
manufacturers’ optimal decisions 𝑞𝑖𝑘
∗
decisions 𝑤𝑘 under three possible VCIS scenarios: (𝑌, 𝑌),
(𝑁, 𝑁), and (𝑌, 𝑁).

By Proposition 1 in [14], the unique equilibrium solutions
for the manufacturers are specified as

= 𝐸 [(𝑤𝑘 − 𝑐) 𝑦𝑘 (𝑞1𝑘 + 𝑞2𝑘 ) | 𝑐𝑚1 , 𝑐𝑚2 ] .

𝑌𝑌∗
𝑞𝑖𝑘

4. Equilibrium Solutions

𝐸 [𝜋𝑚𝑖 | 𝑐𝑚𝑖 , 𝑐𝑚𝑗 ] = 𝐸 {(𝑎 − ∑ ∑ 𝑦𝑘 𝑞𝑖𝑘 ) ∑ 𝑦𝑘 𝑞𝑖𝑘 − ∑ 𝑤𝑘 𝑦𝑘 𝑞𝑖𝑘 − 𝑐𝑚𝑖 ∑ 𝑦𝑘 𝑞𝑖𝑘 | 𝑐𝑚𝑖 , 𝑐𝑚𝑗 } .

max
,𝑞 ,...,𝑞
𝑖1

𝑛

This is a three-stage game problem based on the above
sequence. The 1st-stage game is VCIS game. Let 𝑍𝑖 = 𝑌 (𝑍𝑖 =
𝑁) which means that manufacturer 𝑖 shares (or does not
share) cost information with each supplier. Thus, there exists
four possible VCIS scenarios in the 1st-stage game: (𝑌, 𝑌),
(𝑁, 𝑁), (𝑌, 𝑁), and (𝑁, 𝑌). The other two games are the
selling price game for the suppliers and the selling quantity
game for the manufacturers.
The main variables that will be used in the paper are
summarized in “Notation for Variables” section.

(5)

+

(1 + 𝜌𝛿𝑦2 ) ∑𝑛𝑘=1 (𝑎 − 𝑤𝑘 )
3𝜇 (1 − 𝜌) 𝛿𝑦2 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
2
3𝜇 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
1
3𝜇 [(1 +

𝛿𝑦2 )

+ (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

(6)

𝑐𝑚𝑖
𝑐𝑚𝑗 .

𝑌𝑌∗
into (4), we obtain 𝑤𝑘𝑌𝑌∗ (𝑘 =
By inserting 𝑞𝑖𝑘
1, 2, . . . , 𝑛) which should satisfy the following 1st-order condition:

4
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𝑤𝑘𝑌𝑌∗
=

where
𝑛
2
𝑎 + 𝑐 (1 + 𝜌𝛿𝑦 ) ∑𝑙=𝑘̸ [𝑎 − 𝐸 (𝑤𝑙 | 𝑐𝑚1 , 𝑐𝑚2 )]
−
2
2 [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

−

(1 − 𝜌) 𝛿𝑦2
4 [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

(7)

(𝑐𝑚1 + 𝑐𝑚2 ) .

Proposition 1. The equilibrium solutions for subgame (𝑌, 𝑌)
are specified as follows.
(1) The optimal decisions for the suppliers at equilibrium
are

𝑞𝑖𝑘 =
𝑌𝑌
𝑓𝑖𝑘𝑖

(8)

𝑛

𝑖=1 𝑘=1

[𝜋𝑠𝑘 ] = 𝐸 [(𝑤𝑘 − 𝑐) 𝑦𝑘 (𝑞1𝑘 + 𝑞2𝑘 )] .

,

𝑁𝑁∗
Manufacturer 𝑖’s optimal order quantities 𝑞𝑖𝑘
(𝑖 =
1, 2, 𝑘 = 1, 2, . . . , 𝑛) should satisfy the following 1st-order
condition:

(11)

.

4.2. Subgame (𝑁, 𝑁): No Manufacturer Shares Cost Information. Suppose that no manufacturer shares private cost
information with their suppliers. The suppliers’ optimal
decisions 𝑤𝑘𝑁𝑁∗ are independent of the manufacturers’ cost
information. Therefore, one manufacturer cannot infer the
other firm’s cost information from 𝑤𝑘𝑁𝑁∗ [19].
Therefore, under subgame (𝑁, 𝑁), the manufacturer 𝑖’s
(𝑖 = 1, 2) optimization problem is

𝑛

𝑛

𝑛

𝑘=1

𝑘=1

𝑘=1

𝑁𝑁∗
𝑞𝑖𝑘

(13)

(10)

,

𝐸 [𝜋𝑚𝑖 | 𝑐𝑚𝑖 ] = 𝐸 {(𝑎 − ∑ ∑ 𝑦𝑘 𝑞𝑖𝑘 ) ∑ 𝑦𝑘 𝑞𝑖𝑘 − ∑ 𝑤𝑘 𝑦𝑘 𝑞𝑖𝑘 − 𝑐𝑚𝑖 ∑ 𝑦𝑘 𝑞𝑖𝑘 | 𝑐𝑚𝑖 } .

Supplier 𝑘’s (𝑘 = 1, 2, . . . , 𝑛) optimization problem is

𝑘

.

where

6𝜇 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

2

(9)

𝑌𝑌∗
𝑌𝑌
𝑌𝑌
𝑞𝑖𝑘
= 𝑞𝑖𝑘 + 𝑓𝑖𝑘𝑖
𝑐𝑚𝑖 + 𝑓𝑖𝑘𝑗
𝑐𝑚𝑗 ,

[5 (1 − 𝜌) 𝛿𝑦2 + 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

𝑌𝑌
𝑌𝑌∗
responds negatively to 𝑐𝑚𝑖 , and 𝑓𝑖𝑘𝑗
> 0 shows that 𝑞𝑖𝑘
is
positively related to 𝑐𝑚𝑗 .

,

(2) The optimal decisions for the manufacturers at equilibrium are

6𝜇 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

𝑌𝑌
𝑌𝑌
𝑌𝑌
𝑌𝑌
< 0, and 𝑓𝑖𝑘𝑗
> 0. 𝜉𝑘1
= 𝜉𝑘2
< 0 means that 𝑤𝑘𝑌𝑌∗
𝑓𝑖𝑘𝑖
𝑌𝑌
𝑌𝑌∗
is negatively related to 𝑐𝑚𝑖 + 𝑐𝑚𝑗 . 𝑓𝑖𝑘𝑖
< 0 means that 𝑞𝑖𝑘

max
𝑤

2 [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

[7 (1 − 𝜌) 𝛿𝑦2 + 4 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

𝑌𝑌
𝑌𝑌
𝑌𝑌
𝑌𝑌
𝑐𝑚1 +𝜉𝑘2
𝑐𝑚2 and 𝑓𝑖𝑖𝑌𝑌 𝑐𝑚𝑖 +𝑓𝑖𝑗𝑌𝑌 𝑐𝑚𝑗 ). Clearly, 𝜉𝑘1
= 𝜉𝑘2
< 0,
𝜉𝑘1

𝑞𝑖1 ,𝑞𝑖1 ,...,𝑞𝑖𝑛

(1 − 𝜌) 𝛿𝑦2

3𝜇 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

𝑌𝑌∗
In Proposition 1, both 𝑤𝑘𝑌𝑌∗ and 𝑞𝑖𝑘
are composed of
two parts: one is not dependent on 𝑐𝑚𝑖 and 𝑐𝑚𝑗 (i.e., 𝑤𝑘
and 𝑞𝑖𝑘 ), while the other is dependent on 𝑐𝑚𝑖 and 𝑐𝑚𝑗 (i.e.,

max

[2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

[(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] (𝑎 − 𝑐)

=−

𝑌𝑌
𝑓𝑖𝑘𝑗
=

(1 − 𝜌) 𝛿𝑦2 𝑎 + [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝑐

𝑌𝑌
𝑌𝑌
𝜉𝑘1
= 𝜉𝑘2
=−

Based on Proposition 1 in [14], there exist unique equilibrium solutions 𝑤𝑘𝑌𝑌∗ . By substituting 𝑤𝑘𝑌𝑌∗ into (5) and
simplifying, we obtain Proposition 1.

𝑌𝑌
𝑌𝑌
𝑐𝑚1 + 𝜉𝑘2
𝑐𝑚2 ,
𝑤𝑘𝑌𝑌∗ = 𝑤𝑘 + 𝜉𝑘1

𝑤𝑘 =

=

(𝑎 − 𝑤𝑘 )
2𝜇 (1 − 𝜌) 𝛿𝑦2
−

(1 + 𝜌𝛿𝑦2 ) ∑𝑛𝑘=1 (𝑎 − 𝑤𝑘 )
2𝜇 (1 − 𝜌) 𝛿𝑦2 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

(12)
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2𝜇 [(1 +

𝛿𝑦2 )

+ (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

Proposition 2. The equilibrium solutions for subgame (𝑁, 𝑁)
are specified as follows.
(1) The optimal decisions for the suppliers at equilibrium
are

𝐸 (𝑐𝑚𝑖 | 𝑐𝑚𝑖 )

1
𝑁𝑁∗
− 𝐸 (𝑞𝑗𝑘
| 𝑐𝑚𝑖 ) .
2

𝑤𝑘𝑁𝑁∗ = 𝑤𝑘 .

(14)
With reference to Proposition 1 in [14], the unique
equilibrium solutions for the manufacturers are specified as
𝑁𝑁∗
𝑞𝑖𝑘
=

−
−

(2) The optimal decisions for the manufacturers at equilibrium are

(𝑎 − 𝑤𝑘 )
3𝜇 (1 − 𝜌) 𝛿𝑦2

𝑁𝑁∗
𝑁𝑁
= 𝑞𝑖𝑘 + 𝑓𝑖𝑘𝑖
𝑐𝑚𝑖 ,
𝑞𝑖𝑘

(1 + 𝜌𝛿𝑦2 ) ∑𝑛𝑘=1 (𝑎 − 𝑤𝑘 )
(15)

𝑁𝑁
𝑓𝑖𝑘𝑖
=−

(1 + 𝑡)
𝜇 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 + 𝑡) + 1]

⋅ 𝑐𝑚𝑖 .
𝑁𝑁∗
into (13), we can obtain the supplier’s
By inserting 𝑞𝑖𝑘
optimal wholesale price 𝑤𝑘𝑁𝑁∗ (𝑘 = 1, 2, . . . , 𝑛) which satisfies
the following 1st-order condition:

(1 + 𝜌𝛿𝑦2 ) ∑𝑛𝑙=𝑘̸ (𝑎 − 𝑤𝑙𝑁𝑁∗ )
𝑎+𝑐
.
=
−
2
2 [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

(16)

Based on Proposition 1 in [14], there exist unique equilibrium solutions 𝑤𝑘𝑁𝑁∗ for the manufacturers. Substituting
𝑤𝑘𝑁𝑁∗ into (13) and simplifying, we obtain Proposition 2.
2

max

𝑞11 ,𝑞11 ,...,𝑞1𝑛

(18)

where

3𝜇 (1 − 𝜌) 𝛿𝑦2 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

𝑤𝑘𝑁𝑁∗

(17)

𝑛

1
𝜇 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] (2 + 𝜂)

.

Proposition 2 shows that the suppliers’ optimal decisions
are independent of the manufacturers’ private cost information, and manufacturer 𝑖’s optimal decision depends only
𝑁𝑁
< 0 indicates that manufacturer 𝑖 responds
on 𝑐𝑚𝑖 . 𝑓𝑖𝑘𝑖
negatively to 𝑐𝑚𝑖 .
4.3. Subgame (𝑌, 𝑁): Only One Manufacturer Shares Cost
Information. Suppose only manufacturer 1 shares cost information 𝑐𝑚1 with their suppliers. The suppliers set 𝑤𝑘𝑆𝑁∗ based
on 𝑐𝑚1 . Then manufacturer 2 can infer manufacturer 1’s cost
information from 𝑤𝑘𝑆𝑁∗ [19].
Therefore, under subgame (𝑌, 𝑁), manufacturer 1’s optimization problem is
𝑛

𝑛

𝑛

𝑘=1

𝑘=1

𝑘=1

𝑛

𝑛

𝑛

𝑘=1

𝑘=1

𝑘=1

𝐸 [𝜋𝑚1 | 𝑐𝑚1 ] = 𝐸 {(𝑎 − ∑ ∑ 𝑦𝑘 𝑞1𝑘 ) ∑ 𝑦𝑘 𝑞1𝑘 − ∑ 𝑤𝑘 𝑦𝑘 𝑞1𝑘 − 𝑐𝑚1 ∑ 𝑦𝑘 𝑞1𝑘 | 𝑐𝑚1 } .
𝑖=1 𝑘=1

(19)

(20)

Manufacturer 2’s optimization problem is
2

max

𝑞21 ,𝑞21 ,...,𝑞2𝑛

𝑛

𝐸 [𝜋𝑚2 | 𝑐𝑚1 , 𝑐𝑚2 ] = 𝐸 {(𝑎 − ∑ ∑ 𝑦𝑘 𝑞2𝑘 ) ∑ 𝑦𝑘 𝑞2𝑘 − ∑ 𝑤𝑘 𝑦𝑘 𝑞2𝑘 − 𝑐𝑚2 ∑ 𝑦𝑘 𝑞2𝑘 | 𝑐𝑚1 , 𝑐𝑚2 } .
𝑖=1 𝑘=1

Supplier 𝑘’s (𝑘 = 1, 2, . . . , 𝑛) optimization problem is
max
𝑤𝑘

−

[𝜋𝑠𝑘 | 𝑐𝑚1 ] = 𝐸 [(𝑤𝑘 − 𝑐) 𝑦𝑘 (𝑞1𝑘 + 𝑞2𝑘 ) | 𝑐𝑚1 ] . (22)

−
𝑌𝑁∗
𝑞1𝑘

The two manufacturers’ optimal order quantities
𝑌𝑁∗
and 𝑞2𝑘
(𝑘 = 1, 2, . . . , 𝑛) should satisfy the following 1storder condition:
𝑌𝑁∗
𝑞1𝑘
=

(𝑎 − 𝑤𝑘 )
2𝜇 (1 − 𝜌) 𝛿𝑦2

(1 + 𝜌𝛿𝑦2 ) ∑𝑛𝑘=1 (𝑎 − 𝑤𝑘 )
2𝜇 (1 − 𝜌) 𝛿𝑦2 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
1
2𝜇 [(1 +

𝛿𝑦2 )

+ (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

1
𝑌𝑁∗
− 𝐸 (𝑞2𝑘
| 𝑐𝑚1 ) ,
2
𝑌𝑁∗
=
𝑞2𝑘

(𝑎 − 𝑤𝑘 )
2𝜇 (1 − 𝜌) 𝛿𝑦2

𝐸 (𝑐𝑚1 | 𝑐𝑚1 )

(21)
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−
−

(1 + 𝜌𝛿𝑦2 ) ∑𝑛𝑘=1 (𝑎 − 𝑤𝑘 )

𝑌𝑁∗
𝑌𝑁∗
and 𝑞2𝑘
into (22), we can obtain
By substituting 𝑞1𝑘
the suppliers’ optimal wholesale price 𝑤𝑘𝑌𝑁∗ (𝑘 = 1, 2, . . . , 𝑛)
that satisfies the following 1st-order condition:

2𝜇 (1 − 𝜌) 𝛿𝑦2 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
1
2𝜇 [(1 +

𝛿𝑦2 )

+ (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

𝑤𝑘𝑌𝑁∗

1
𝑌𝑁∗
| 𝑐𝑚1 , 𝑐𝑚2 ) .
⋅ 𝐸 (𝑐𝑚2 | 𝑐𝑚1 , 𝑐𝑚2 ) − 𝐸 (𝑞1𝑘
2
(23)

−

With reference to Proposition 1 in [14], the unique equilibrium solutions for the two manufacturers are presented as
follows:

(𝑎 − 𝑤𝑘 )
3𝜇 (1 − 𝜌) 𝛿𝑦2
−
+

𝑌𝑁∗
𝑞2𝑘

=

(1 + 𝜌𝛿𝑦2 ) ∑𝑛𝑘=1 (𝑎 − 𝑤𝑘 )

3𝜇 [(1 +

𝛿𝑦2 )

+ (𝑛 − 1) (1 +

(24)

𝑐𝑚 ,
𝜌𝛿𝑦2 )] 1

+
−

(1 + 𝜌𝛿𝑦2 ) ∑𝑛𝑘=1 (𝑎 − 𝑤𝑘 )
2−𝜂
6𝜇 [(1 +

𝛿𝑦2 )

2𝜇 [(1 +

𝛿𝑦2 )

+ (𝑛 − 1) (1 +

+ (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

𝑌𝑁
𝑓1𝑘1
=

𝑌𝑁
𝑓2𝑘1
=

(1 − 𝜌) 𝛿𝑦2 (𝜂 + 1)
2 [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

𝑌𝑁∗
𝑌𝑁
𝑞1𝑘
= 𝑞1𝑘 + 𝑓1𝑘1
𝑐𝑚1 ,
𝑌𝑁∗
𝑌𝑁
𝑌𝑁
𝑞2𝑘
= 𝑞2𝑘 + 𝑓2𝑘1
𝑐𝑚1 + 𝑓2𝑘2
𝑐𝑚2 ,

𝑐𝑚2 .

(28)

(29)

where

[5 (1 − 𝜌) 𝛿𝑦2 + 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜂 − [7 (1 − 𝜌) 𝛿𝑦2 + 4 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
6𝜇 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
[5 (1 − 𝜌) 𝛿𝑦2 + 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] − [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜂

𝑌𝑁
𝑓2𝑘2
=−

.

(2) The optimal decisions for the manufacturers at equilibrium are

(25)

𝑐𝑚
𝜌𝛿𝑦2 )] 1

1

(27)

where
𝑌𝑁
𝜉𝑘1
=−

3𝜇 (1 − 𝜌) 𝛿𝑦2 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

𝑐𝑚1 .

𝑌𝑁
𝑤𝑘𝑌𝑁∗ = 𝑤𝑘 + 𝜉𝑘1
𝑐𝑚1 ,

(𝑎 − 𝑤𝑘 )
3𝜇 (1 − 𝜌) 𝛿𝑦2
−

4 [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

(26)

Proposition 3. The equilibrium solutions for subgame (𝑌, 𝑁)
are specified as follows.
(1) The optimal decisions for the suppliers at equilibrium
are

3𝜇 (1 − 𝜌) 𝛿𝑦2 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
𝜂−2

(1 − 𝜌) 𝛿𝑦2 (𝜂 + 1)

Based on Proposition 1 in [14], there exist unique equilibrium solutions 𝑤𝑘𝑌𝑁∗ for two manufacturers. By substituting
𝑤𝑘𝑌𝑁∗ into (24) and (25), respectively, and simplifying, we
obtain Proposition 3.

𝑌𝑁∗
𝑞1𝑘

=

(1 + 𝜌𝛿𝑦2 ) ∑𝑛𝑙=𝑘̸ (𝑎 − 𝑤𝑙𝑌𝑁∗ )
𝑎+𝑐
=
−
2
2 [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

6𝜇 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
1
2𝜇 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

Proposition 3 indicates that both the suppliers and manufacturer 1’s optimal decisions only depend on 𝑐𝑚1 , while
manufacturer 2’s optimal decision depends on both 𝑐𝑚1 and
𝑐𝑚2 . This is because manufacturer 2 can infer manufacturer
1’s cost information from 𝑤𝑘𝑌𝑁∗ , while manufacturer 1 cannot

,

,

(30)

.

𝑌𝑁
<
infer manufacturer 2’s cost information from 𝑤𝑘𝑌𝑁∗ . 𝜉𝑘1
𝑌𝑁
𝑌𝑁
0, 𝑓𝑖𝑘𝑖 < 0, and 𝑓𝑗𝑘𝑗 < 0, respectively, indicate that
the suppliers, manufacturer 1, and manufacturer 2 respond
𝑌𝑁
negatively to 𝑐𝑚1 , 𝑐𝑚1 , and 𝑐𝑚2 . Moreover, 𝑓2𝑘1
negatively or
positively depends on the value of key parameters: 𝛿𝑦 , 𝜌, and
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𝑡. When [5(1 − 𝜌)𝛿𝑦2 + 2(𝑛 − 1)(1 + 𝜌𝛿𝑦2 )] < [(1 − 𝜌)𝛿𝑦2 +

(𝑛 − 1)(1 + 𝜌𝛿𝑦2 )]𝜂, manufacturer 2 responds negatively to 𝑐𝑚1 ,
while manufacturer 2 responds positively to 𝑐𝑚1 .
All information from Propositions 1–3 is valuable to the
suppliers and manufacturers in determining their wholesale
prices and order quantities.

5. Information Sharing Game
We first calculate the suppliers and manufacturers’ ex
ante payoffs based on the equilibrium solutions for any
pair of VCIS strategies and summarize the results in
Table 1. Subsequently, we solve the cost-information sharing
game.
Next, we analyze how manufacturers’ VCIS affects each
supplier by comparing SC partners’ ex ante payoffs under

strategy (𝑌, 𝑁) with (𝑁, 𝑁) and comparing SC partners’ ex
ante payoffs under strategy (𝑌, 𝑌) with (𝑁, 𝑌).
Proposition 4. The SC members’ ex ante payoffs have the
following properties.
> 𝜋𝑠𝑌𝑁∗
> 𝜋𝑠𝑁𝑁∗
.
(1) 𝜋𝑠𝑌𝑌∗
𝑘
𝑘
𝑘
𝑌𝑌∗
𝑁𝑌∗
𝑌𝑁∗
𝑁𝑁∗
(2) (a) 𝜋𝑚1 > 𝜋𝑚1 ; (b) if 0 < 𝜂 < 𝜂1 , 𝜋𝑚
> 𝜋𝑚
; if
1
1
𝑌𝑁∗
𝑁𝑁∗
1 ≥ 𝜂 > 𝜂1 , 𝜋𝑚1 < 𝜋𝑚1 , where
𝜂1 =

2 (1 − 𝜌) 𝛿𝑦2 + 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )
5 (1 − 𝜌) 𝛿𝑦2 + 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )

𝜓 (𝑛, 𝜌, 𝛿𝑦 , 𝜂) =

(31)

𝑁𝑌∗
> 𝜋𝑚
; (b) if 𝜑(𝑛, 𝜌, 𝛿𝑦 ) > 𝜓(𝑛, 𝜌, 𝛿𝑦 , 𝜂),
(3) (a) Π𝑌𝑌∗
𝑚2
2
𝑌𝑁∗
𝑁𝑁∗
𝑌𝑁∗
< Π𝑁𝑁∗
𝜋𝑚2 > Π𝑚2 ; if 𝜑(𝑛, 𝜌, 𝛿𝑦 ) < 𝜓(𝑛, 𝜌, 𝛿𝑦 , 𝜂), 𝜋𝑚
𝑚2 ,
2
where

2

𝜑 (𝑛, 𝜌, 𝛿𝑦 ) =

.

2

𝑛 [5 (1 − 𝜌) 𝛿𝑦2 + 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜎𝑐2 + 9𝑛 [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜎𝑐2
2

36 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

,

𝑛 [7 (1 − 𝜌) 𝛿𝑦2 + 4 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [5 (1 − 𝜌) 𝛿𝑦2 + 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜂𝜎𝑐2
2

18 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
−

+

(32)

𝑛 [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [13 (1 − 𝜌) 𝛿𝑦2 + 7 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜂2 𝜎𝑐2
2

36 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
𝑛𝜎𝑐2

2

[(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] (2 + 𝜂)

Proof. See Appendix.
Proposition 4 Part (1) means that the suppliers will gain
more ex ante payoffs from more manufacturers disclosing
their private cost information.
Proposition 4 Part (2) shows that CCIS and NCIS are
two possible equilibrium solutions for the two manufacturers.
The manufacturers always agree to VCIS when the correlated
coefficient of two manufacturers’ cost uncertainty is less than
a threshold (i.e., 0 < 𝜂 < 𝜂1 ).
Proposition 4 Part (3) states that a manufacturer does not
always benefit from its competitor manufacturer’s information sharing. If a manufacturer does not agree to VCIS, it
benefits from the competitor manufacturer’s VCIS only when
𝜑(𝑛, 𝜌, 𝛿𝑦 ) > 𝜓(𝑛, 𝜌, 𝛿𝑦 , 𝜂).
Proposition 5. Complete cost-information sharing Paretodominates no cost-information sharing.
Proof. See Appendix.
Proposition 5 suggests that the entire SC’s ex ante payoff
with CCIS is larger than NCIS.

.

6. Numerical Analysis
In this section, we examine the impact of key parameters on
the value of information sharing. As the two manufacturers
are symmetric, we only focus on the value of information
sharing by manufacturer 1. Let 𝑉𝑠𝑁
= Π𝑌𝑁∗
− Π𝑁𝑁∗
, 𝑉𝑚𝑁2 =
𝑠𝑘
𝑠𝑘
𝑘
𝑌𝑁∗
𝑁𝑁∗
𝑁
𝑌𝑁∗
𝑁𝑁∗
Π𝑚2 − Π𝑚2 , and 𝑉𝑚1 = Π𝑚1 − Π𝑚1 , respectively,
represent the effect of manufacturer 1’s information sharing to
each supplier, manufacturer 2, and manufacturer 1. Similarly,
𝑌
𝑌𝑌∗
𝑁𝑌∗
𝑌
let 𝑉𝑠𝑌𝑘 = Π𝑌𝑌∗
− Π𝑁𝑌∗
𝑠𝑘
𝑠𝑘 , 𝑉𝑚2 = Π𝑚2 − Π𝑚2 , and 𝑉𝑚1 =
𝑁𝑌∗
Π𝑌𝑌∗
𝑚1 − Π𝑚1 , respectively, denote the effect of manufacturer
1 information sharing on SC partners’ ex ante payoffs.
We assume the following: 𝜎𝜃2 = 2, 𝜌 = 0.5, 𝛿𝑦 = 0.5, 𝜂 =
0.7, and 𝑛 = 2. The effects of 𝜌, 𝛿𝑦 , 𝜂, and 𝑛 on 𝑉𝑠𝑁
, 𝑉𝑚𝑁2 , 𝑉𝑚𝑁1 ,
𝑘
𝑉𝑠𝑌𝑘 , 𝑉𝑚𝑌2 , and 𝑉𝑚𝑌1 are provided in Figures 1–4, respectively.
Figures 1(a) and 1(b) show that as 𝜌 increases, 𝑉𝑠𝑁
and
𝑘
𝑌
𝑉𝑠𝑘 decreases. It means that, whether manufacture 2 shares
information or not, the higher 𝜌 is, the less each supplier
benefits from information sharing by manufacturer 1.
Figures 1(c) and 1(d) show that as 𝜌 increases, 𝑉𝑚𝑁2
increases, while 𝑉𝑚𝑌2 decreases. This shows that if manufacture
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Table 1: The manufacturers’ and suppliers’ ex ante payoffs.

Subgame

The suppliers
Π𝑌𝑌∗
= Π𝑠𝑘 +
𝑠𝑘

(𝑌, 𝑌)

The manufacturers

𝑊𝑅 (𝜂 + 1) 𝜎𝑐2
3𝐵𝐶2

Π𝑌𝑌∗
𝑚𝑖 = Π𝑚𝑖 +

Π𝑁𝑁∗
= Π𝑚𝑖 +
𝑚𝑖

Π𝑁𝑁∗
= Π𝑠𝑘
𝑠𝑘

(𝑁, 𝑁)

Π𝑌𝑁∗
𝑠𝑘

(𝑌, 𝑁)

Π𝑌𝑁∗
𝑚2 = Π𝑚𝑖

𝑛𝜎𝑐2
𝐵 (2 + 𝜂)

2

2

𝑛 (𝜂𝑇 − 𝑈) 2
𝜎𝑐
36𝐵𝐶2
2 2
2
𝑛 (𝑇 − 𝜂𝑅) 𝜎𝑐 𝑛𝜎𝑐 𝑛𝜂 (𝑇 − 𝜂𝑅) 𝜎𝑐2
−
+
+
36𝐵𝐶2
4𝐵
6𝐵𝐶

Π𝑌𝑁∗
𝑚1 = Π𝑚𝑖 +

2

𝑊𝑅 (𝜂 + 1) 𝜎𝑐2
= Π𝑠𝑘 +
6𝐵𝐶2

= Π𝑠𝑘 +
Π𝑁𝑌∗
𝑠𝑘

(𝑁, 𝑌)

𝑛 (𝑈2 + 𝑇2 ) 𝜎𝑐2 𝑛𝑈𝑇𝜂𝜎𝑐2
−
36𝐵𝐶2
18𝐵𝐶2

2

𝑛 (𝑇 − 𝜂𝑅) 𝜎𝑐2 𝑛𝜎𝑐2 𝑛𝜂 (𝑇 − 𝜂𝑅) 𝜎𝑐2
−
+
36𝐵𝐶2
4𝐵
6𝐵𝐶
2
𝑛 (𝜂𝑇 − 𝑈) 𝜎𝑐2
𝑁𝑌∗
Π𝑚2 = Π𝑚2 +
36𝐵𝐶2

Π𝑁𝑌∗
𝑚1 = Π𝑚1 +

2

𝑊𝑅 (𝜂 + 1) 𝜎𝑐2
6𝐵𝐶2

Notes. Π𝑚𝑖 = (𝑛𝑅2 /9𝐵𝐶2 )(𝑎 − 𝑐)2 and Π𝑠𝑘 = (2(1 − 𝜌)𝛿𝑦2 𝑅/3𝐵𝐶2 )(𝑎 − 𝑐)2 , 𝑖 = 1, 2, 𝑘 = 1, 2, . . . , 𝑛; 𝐵 = (1 + 𝛿𝑦2 ) + (𝑛 − 1)(1 + 𝜌𝛿𝑦2 ) and 𝐶 = 2(1 − 𝜌)𝛿𝑦2 + (𝑛 −

1)(1 + 𝜌𝛿𝑦2 ); 𝑅 = (1 − 𝜌)𝛿𝑦2 + (𝑛 − 1)(1 + 𝜌𝛿𝑦2 ) and 𝑇 = 5(1 − 𝜌)𝛿𝑦2 + 2(𝑛 − 1)(1 + 𝜌𝛿𝑦2 ); 𝑈 = 7(1 − 𝜌)𝛿𝑦2 + 4(𝑛 − 1)(1 + 𝜌𝛿𝑦2 ) and 𝑊 = (1 − 𝜌)𝛿𝑦2 .

0.03
0.02

0.1

VsY

VsN


0.2

0
−1

0

−0.5
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Figure 1: The effect of 𝜌 on 𝑉𝑠𝑁𝑘 , 𝑉𝑚𝑁2 , 𝑉𝑚𝑁1 , 𝑉𝑠𝑌𝑘 , 𝑉𝑚𝑌2 , and 𝑉𝑚𝑌1 .
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Figure 2: The impact of 𝛿𝑦 on 𝑉𝑠𝑁𝑘 , 𝑉𝑚𝑁2 , 𝑉𝑚𝑁1 , 𝑉𝑠𝑌𝑘 , 𝑉𝑚𝑌2 , and 𝑉𝑚𝑌1 .

2 agrees to VCIS, high 𝜌 increases manufacturer 2’s benefits
from manufacturer 1’s VCIS. If it does not agree to VCIS,
high 𝜌 reduces manufacturer 2’s benefits from manufacturer
1’s VCIS.
Figures 1(e) and 1(f) show that both 𝑉𝑚𝑁1 and 𝑉𝑚𝑌1 increase
with 𝜌. These mean that high 𝜌 increases the value of
information sharing by manufacturer 1 to itself.
Figures 2(a) and 2(b) show that as 𝛿𝑦 increases, both of
𝑁
𝑉𝑠𝑘 and 𝑉𝑠𝑌𝑘 first increase and then decrease. This indicates

and 𝑉𝑠𝑌𝑘 are in the same direction.
that the impacts of 𝛿𝑦 on 𝑉𝑠𝑁
𝑘
Figures 2(c)–2(f) show that as 𝛿𝑦 increases, 𝑉𝑚𝑁2 , 𝑉𝑚𝑌2 ,
𝑉𝑚𝑁1 , and 𝑉𝑚𝑌1 decrease. This means that high 𝛿𝑦 will decrease
the value of information sharing by manufacturer 1 to both
manufacturer 1 and manufacturer 2.
Figures 3(a) and 3(b) show that 𝑉𝑠𝑁
increases with 𝜂,
𝑘
𝑌
while 𝑉𝑠𝑘 decreases with 𝜂. This means that given the fact that
manufacture 2 decides not to disclose its cost information to
its suppliers, high 𝜂 promotes manufacturer 2’s benefit when
manufacturer 1 shares its cost information. If manufacture 2

decides to disclose its private cost information to its suppliers,
high 𝜌 decreases manufacturer 2’s benefit when manufacturer
1 shares its cost information.
Figures 3(c)–3(f) show that as 𝜂 increases, 𝑉𝑚𝑁2 , 𝑉𝑚𝑌2 , 𝑉𝑚𝑁1 ,
and 𝑉𝑚𝑌1 decrease. It means that no matter whether manufacturer 2 decides to disclose cost information to suppliers or
not, the value of information sharing by manufacturer 1 to
both manufacturer 1 and manufacturer 2 decreases with 𝜂.
and 𝑉𝑠𝑌𝑘 decrease
Figures 4(a) and 4(b) show that 𝑉𝑠𝑁
𝑘

with 𝑛. Figures 4(e) and 4(f) show that 𝑉𝑚𝑁1 and 𝑉𝑚𝑌1 increase
with 𝑛. It means that as the number of suppliers increases,
each supplier benefits less from information sharing by
manufacturer 1, while manufacturer 1 benefits more from
information sharing by itself.
Figures 4(c) and 4(d) show that as 𝑛 increases, 𝑉𝑚𝑁2
increases while 𝑉𝑚𝑌2 decreases. It means that as the number
of suppliers increases, the value of information sharing by
manufacturer 1 is determined by manufacturer 2’s information sharing strategy.
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Figure 3: The impact of 𝜂 on 𝑉𝑠𝑁𝑘 , 𝑉𝑚𝑁2 , 𝑉𝑚𝑁1 , 𝑉𝑠𝑌𝑘 , 𝑉𝑚𝑌2 , and 𝑉𝑚𝑌1 .

Figures 1–4 show that 𝑉𝑠𝑁
, 𝑉𝑠𝑌𝑘 , 𝑉𝑚𝑌2 , and 𝑉𝑚𝑌1 are positive.
𝑘
Whether 𝑉𝑚𝑁2 and 𝑉𝑚𝑁1 are positive or negative is determined
by the value of key parameters. 𝑉𝑚𝑌1 > 0 indicates that if
manufacturer 2 chooses to disclose its cost information to
suppliers, manufacturer 1 will also reveal its cost information
to suppliers. 𝑉𝑚𝑁1 < 0 suggests that given the fact that
manufacturer 2 does not share information with suppliers,
neither will manufacturer 1 with its own suppliers.
Moreover, we found that if manufacturer 1 shares its cost
information, higher 𝜌 means that manufacturer 1 would be
more willing to share information (see Figure 1(f)), promoting complete information sharing. Similarly, higher 𝑛 also
promotes complete information sharing (see Figure 4(f)).
However, higher 𝛿𝑦 and 𝜂 undermine complete information
sharing (see Figures 2(f) and 3(f)).

7. Conclusions
Information sharing is a hot topic in the literature of SC
management. This study examines VCIS in a simplified
SC which consists of two manufacturers with private cost
information and 𝑛 suppliers with yield uncertainty.

This work contributes to the area of research on incentive
for VCIS. We analyze VCIS by considering the number
of suppliers, the correlated coefficient of manufacturers’
cost uncertainty, and the level of yield uncertainty and the
correlated coefficient of the supply processes. We found
that there exists only two equilibrium information sharing
strategies: complete cost-information sharing and no costinformation sharing. The manufactures always agree to VCIS
when the correlated coefficient of two manufacturers’ cost
uncertainty is less than a threshold. In addition, complete
cost-information sharing will increase each supplier, each
manufacturer, and the entire SC’s ex ante payoffs when two
manufacturers’ cost uncertainty is less correlated. It suggests
that the manufactures decide to perform VCIS.
This presented study can be further extended along the
following three directions. First, other types of contract
(e.g., two-part pricing contract) can be considered. Second,
multiple manufacturers could be introduced to examine
how the number of manufacturers affects the manufacturers’
willingness to share information. Finally, our model could
be expanded to include other types of competition such as
newsvendor competition models.
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Figure 4: The impact of 𝑛 on 𝑉𝑠𝑁𝑘 , 𝑉𝑚𝑁2 , 𝑉𝑚𝑁1 , 𝑉𝑠𝑌𝑘 , 𝑉𝑚𝑌2 , and 𝑉𝑚𝑌1 .

Appendix
Proof of Proposition 4. From Table 1, we have

2

Π𝑌𝑁∗
− Π𝑁𝑁∗
=
𝑠𝑘
𝑠𝑘

Π𝑌𝑌∗
− Π𝑌𝑁∗
=
𝑠𝑘
𝑠𝑘

(1 − 𝜌) 𝛿𝑦2 [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] (𝜂 + 1) 𝜎𝑐2
2

6 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
(1 − 𝜌) 𝛿𝑦2 [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] (1 − 𝜂2 ) 𝜎𝑐2

2

6 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

> 0,

(A.1)

> 0,

(A.2)

𝑁𝑁∗
Π𝑌𝑁∗
𝑚2 − Π𝑚2
2

=

2

𝑛 [5 (1 − 𝜌) 𝛿𝑦2 + 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜎𝑐2 + 9𝑛 [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜎𝑐2
2

36 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
+

−

(A.3)

𝑛 [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [13 (1 − 𝜌) 𝛿𝑦2 + 7 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜂2 𝜎𝑐2
2

36 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

𝑛 [7 (1 − 𝜌) 𝛿𝑦2 + 4 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [5 (1 − 𝜌) 𝛿𝑦2 + 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜂𝜎𝑐2
2

18 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

−

𝑛𝜎𝑐2
[(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] (2 + 𝜂)

2

,
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2

Π𝑌𝑌∗
𝑚2

−

𝑁𝑌∗
𝜋𝑚
2

𝑛 [5 (1 − 𝜌) 𝛿𝑦2 + 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] (1 − 𝜂2 ) 𝜎𝑐2

=

2

36 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

> 0,

(A.4)

𝑌𝑁∗
𝑁𝑁∗
𝜋𝑚
− 𝜋𝑚
1
1

=

−𝑛 {(1 − 𝜌) 𝛿𝑦2 (26 − 3𝜂 − 5𝜂2 ) + 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 ) (7 − 𝜂2 )} ⋅ {3 (1 − 𝜌) 𝛿𝑦2 𝜂 − 2 [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] (1 − 𝜂)} (1 + 𝜂) 𝜎𝑐2
2

36 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] (2 + 𝜂)

𝑌𝑌∗
𝑁𝑌∗
𝜋𝑚
− 𝜋𝑚
=
1
1

𝑛 [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [13 (1 − 𝜌) 𝛿𝑦2 + 7 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] (1 − 𝜂2 ) 𝜎𝑐2
2

36 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

2

,

> 0.

(A.5)

(A.6)

𝑁𝑁∗
In (A.3), let Π𝑌𝑁∗
= 0, and we obtain 𝜑(𝑛, 𝜌, 𝛿𝑦 ) =
𝑚2 −Π𝑚2
𝜓(𝑛, 𝜌, 𝛿𝑦 , 𝜂), where

2

𝜑 (𝑛, 𝜌, 𝛿𝑦 ) =

𝜓 (𝑛, 𝜌, 𝛿𝑦 , 𝜂) =

2

36 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
2

𝑛 [(1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [13 (1 − 𝜌) 𝛿𝑦2 + 7 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜂2 𝜎𝑐2

𝑛𝜎𝑐2

2

[(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] (2 + 𝜂)

2 (1 −

𝜌) 𝛿𝑦2

+ 2 (𝑛 − 1) (1 +

5 (1 −

𝜌) 𝛿𝑦2

+ 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )

𝜌𝛿𝑦2 )

.

Proof of Proposition 5. From Table 1, we obtain
Π

−Π

=

+

𝑌𝑌∗
𝜋𝑚
2

+

𝑛𝜋𝑠𝑌𝑌∗
)
𝑘

−

(Π𝑁𝑁∗
𝑚1

2

+ Π𝑁𝑁∗
+ 𝑛Π𝑁𝑁∗
) = (𝑛 {2 [4 (1 − 𝜌) 𝛿𝑦4
𝑚2
𝑠𝑘
2

+ (𝑛 − 1)2 (1 + 𝜌𝛿𝑦2 ) ] [30𝜂2 + 37𝜂 (1 − 𝜂)

.

2

+ 11 (1 − 𝜂) ] (1 − 𝜂) + (𝑛 − 1) (1 − 𝜌) 𝛿𝑦2 (1
2

+ 𝜌𝛿𝑦2 ) [18𝜂3 + 273𝜂2 (1 − 𝜂) + 316𝜂 (1 − 𝜂)

(A.9)

Thus, we have
(1) 𝜋𝑠𝑌𝑌∗
> 𝜋𝑠𝑌𝑁∗
> 𝜋𝑠𝑁𝑁∗
.
𝑘
𝑘
𝑘
𝑌𝑌∗
𝑁𝑌∗
𝑌𝑁∗
𝑁𝑁∗
(2) (a) 𝜋𝑚1 > 𝜋𝑚1 ; (b) if 𝜂 < 𝜂1 , 𝜋𝑚
> 𝜋𝑚
; if 𝜂 > 𝜂1 ,
1
1
𝑌𝑁∗
𝑁𝑁∗
𝜋𝑚1 < 𝜋𝑚1 .
𝑁𝑌∗
> 𝜋𝑚
; (b) if 𝜑(𝑛, 𝜌, 𝛿𝑦 ) > 𝜓(𝑛, 𝜌, 𝛿𝑦 , 𝜂),
(3) (a) Π𝑌𝑌∗
𝑚2
2
𝑌𝑁∗
𝑁𝑁∗
𝑌𝑁∗
𝜋𝑚2 > Π𝑚2 ; if 𝜑(𝑛, 𝜌, 𝛿𝑦 ) < 𝜓(𝑛, 𝜌, 𝛿𝑦 , 𝜂), 𝜋𝑚
< Π𝑁𝑁∗
𝑚2 .
2
The proof of Proposition 4 is finished.

𝑌𝑌∗
(𝜋𝑚
1

(A.8)

2

36 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

𝑌𝑁∗
𝑁𝑁∗
In (A.5), let 𝜋𝑚
− 𝜋𝑚
= 0, and we obtain 𝜂 = 𝜂1 ,
1
1
where

𝑁𝑁∗

(A.7)

18 [(1 + 𝛿𝑦2 ) + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]

+

𝑌𝑌∗

,

𝑛 [7 (1 − 𝜌) 𝛿𝑦2 + 4 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] [5 (1 − 𝜌) 𝛿𝑦2 + 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜂𝜎𝑐2

−

𝜂1 =

2

𝑛 [5 (1 − 𝜌) 𝛿𝑦2 + 2 (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜎𝑐2 + 9𝑛 [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )] 𝜎𝑐2

3

+ 92 (1 − 𝜂) ]} (1/𝜂2 ) 𝜎𝑐2 ) (9 [(1 + 𝛿𝑦2 ) + (𝑛 − 1)
⋅ (1 + 𝜌𝛿𝑦2 )] [2 (1 − 𝜌) 𝛿𝑦2 + (𝑛 − 1) (1 + 𝜌𝛿𝑦2 )]
⋅ (3 + 2𝑡)2 )

−1

2

> 0.

(A.10)
The proof of Proposition 5 is finished.

Notation for Variables
𝑤𝑘 , 𝑞𝑖𝑘 :

Wholesale price and order quantity
(decision variable)
Supplier 𝑘’s and manufacturer 𝑖’s profit
𝜋𝑠𝑘 , 𝜋𝑟𝑖 :
𝑤𝑘 , 𝑞𝑖𝑘 :
The equilibrium wholesale price and order
quantity under no cost uncertainty
𝑍𝑍∗ 𝑍𝑍∗
𝑤𝑘 1 2 , 𝑞𝑖𝑘1 2 : The equilibrium wholesale price and order
quantity under subgame (𝑍1 , 𝑍2 )
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𝜉𝑘𝑖1 2 , 𝑓𝑖𝑘𝑖1 2 :

Response coefficients for supplier 𝑘 and
manufacturer 𝑖 to 𝑐𝑚𝑖 under subgame
(𝑍1 , 𝑍2 )
1 𝑍2 ∗
1 𝑍2 ∗
Π𝑍
, Π𝑍
: The optimal ex ante payoffs for supplier 𝑘
𝑠𝑘
𝑟𝑖
and manufacturer 𝑖 under subgame
(𝑍1 , 𝑍2 )
Π𝑠𝑘 , Π𝑟𝑖 :
The optimal profit for supplier 𝑘 and
manufacturer 𝑖 under no cost uncertainty.

[5]

[6]

Parameters

[7]

𝑎:
𝑐𝑚1 :
𝜎𝑐2 :
𝑦𝑘 :
𝜇, 𝜎𝑦2 :
𝛿𝑦 :
𝜌:

[8]

𝜂:
𝑐:

Demand intercept
Cost uncertainty for manufacturer 𝑖
Variance of 𝑐𝑚𝑖
Yield uncertainty
Mean and variance of 𝑦𝑘
The level of yield uncertainty 𝛿𝑦 = 𝜎𝑦2 /𝜇2
Correlated coefficient of suppliers’ supply
processes
Correlated coefficient of manufacturers’
cost uncertainty
Supplier 𝑘’s expected cost and 𝑐 = 𝑐1 /𝜇 + 𝑐2

[9]

[10]

[11]

Indices
Subscript

[12]

𝑠𝑘 : It captures supplier 𝑘
𝑚𝑖 : It captures manufacturer 𝑖

[13]

Superscript

[14]

𝑌: It indicates that the manufacturer agrees
to VCIS
𝑁: It indicates that the manufacturer does not
agree to VCIS.

[15]
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The arguments for and against genetically modified (GM) food focus on the characteristics of the scientific uncertainty and
asymmetric information for the GM food. How do these two factors affect the competition and pricing strategy of food firms
that separate GM food and conventional food conforming to consumer’s right to know? We explore the issue of pricing strategies
between two firms producing horizontally and vertically differentiated foods in the context of asymmetric information and scientific
uncertainty. The theoretical results show that there are two separating perfect Bayesian equilibria in which the prices of the
conventional food and GM food are strategic complements and the profits of two types of firms are both increasing in the price of
GM food. The numerical example shows that a decrease of the expected potential net damage as the most sensitive parameter leads
to an increase of the profits of the two firms. Additionally, an increase in product differentiation helps to increase the two firms’
profits. Finally, the decrease in risk aversion as the second sensitive parameter helps to increase both products’ prices and quantities
and both firms’ profits. This paper contributes by combining food safety regulation with market mechanisms and competition.

1. Introduction
How does asymmetric information and scientific uncertainty
impact the pricing strategy of food firms and ultimately
consumer understanding of the newer foods on the market?
Food quality and safety are of great concern to governments,
food enterprises, and, certainly, consumers [1, 2]. With
the continuing development of economies, horizontally and
vertically differentiated foods have been produced to meet
consumers’ needs regarding food quantity and variety [3].
However, because of the asymmetric information between
consumers and food enterprises, consumers cannot identify
the real quality until purchasing and consuming the experience goods, and they do not know the quality or variety even
after consuming credence goods such as genetically modified
(GM) food [4]. The application of transgenic technology
can help to reduce food shortages and production costs [5],

but GM food is also characterized by significant asymmetric
information and scientific uncertainty, raising concerns for
consumers and governments [6].
In order to satisfy the consumer’s right to know, governments have taken measures with respect to food safety regulation [7, 8]. Apart from the government regulation to separate
foods with differentiated qualities through labelling, the
power of market mechanisms should not be ignored [9–
11]. In this paper, we examine the effect of the asymmetric
information and scientific uncertainty on the pricing strategies of food firms and try to combine the market mechanism with government regulation to separate GM food and
conventional food, consistent with the consumer’s right to
know.
The competition among firms in the marketplace would
be reflected in many ways, not just in price [12, 13]. A
firm seeks to choose a combination of strategic variables
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such as price and product type (e.g., low or high; GM or
conventional) that they expect would maximize profits [14–
16]. However, some strategic variables are the firm’s private
information, which leads to information asymmetry between
the firm and its consumers as well as between the firm and
its rivals. The firm’s choice of price may signal its type to
consumers, for example.
In this article, we explore pricing strategies used by two
firms that produce horizontally and vertically differentiated
foods in the context of imperfect oligopolistic competition,
incomplete information, and scientific uncertainty. We find
that there are two separating perfect Bayesian equilibriums
in which the price of the conventional food is significantly
higher than that of GM food and the two prices are strategic
complements.
There is a fairly extensive literature on the use price to
signal product quality. From the perspective of a monopoly
market structure, Bagwell and Riordan [17] examined a
two-type model and showed that, compared to the price
under full information, the low-quality firm charged the
same price under incomplete information while the hightype firm charged a higher price in the context of asymmetric
information. Daughety and Reinganum [18] extended the
model developed by Bagwell and Riordan [17] by utilizing
a continuum of types representing product safety. They
showed that whether the higher price in fact signalled safer
products depended on the allocation of the associated loss
between the firm and the consumer and concluded that lower
prices signalled safer products if the firm bore a sufficiently
high percentage of the loss, while higher prices signal safer
products if the consumer bore a sufficiently high percentage
of the loss. Under monopolistic conditions, Mirman et al.
[19] also studied the informational role of prices under the
asymmetric information and noisy signalling.
For example, from the perspective of an oligopoly market
structure, Janssen and Roy [20] developed a symmetric
Bertrand oligopoly model and studied the competitive strategy between the high-quality and the low-quality firms. They
found that there existed Bayesian separating equilibria in
which the low-quality firms chose random pricing strategy
and the high-quality firms charged high prices. Different
from Janssen and Roy [20], Daher et al. [21] assumed that the
quality was common knowledge to all the firms since firms
sold a homogeneous good, but consumers owned incomplete
information on product quality. They found the price under
the (signalling) Cournot equilibrium was higher than that
under the full-information Cournot equilibrium and the
profits under a signalling Cournot were equal to the profits of
a cartel with full information. Based on Janssen and Roy [20],
Dubovik and Janssen [12] set up an oligopoly model where
consumers had heterogeneous information. They showed
that when there was a sufficiently high portion of uninformed
consumers, there existed a unique equilibrium where high
price was associated with high quality. However, this equilibrium was Pareto-inefficient since firms had incentives to
distort quality downwards. Following Janssen and Roy [20],
Adriani and Deidda [22] also assumed all firms produce the
same good whose quality is known to all firms but unknown
to uninformed buyers. Adriani and Deidda [22] explored
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the impact of the strength of competition among sellers on
the ability of high-quality sellers to inform consumers about
the quality of their goods through the pricing strategy when
there were a large number of price-setting sellers and a large
number of consumers. They showed that high-quality sellers
could use price to signal their high quality in the context
of weak competition among sellers. On the contrary, highquality sellers failed to signal and then were driven out of
the market if the competition among sellers were strong.
Daughety and Reinganum [23] described the role of quality
signalling via price and quality disclosure through a credible
direct claim played in the market competition. In the context
of sufficiently high disclosure costs, the firm would always
use price to signal the quality of its product. In the unique
separating equilibrium, consumers inferred the quality of the
product through its price and then made their purchasing
decisions. In contrast, if the disclosure costs were zero, then
all types of firms would disclosure their qualities and charge
the full-information prices according to their own types. In
this situation, consumers made decisions according to prices
and qualities of the products. Furthermore, Janssen and
Roy [24] explained why it was hard for firms to voluntarily
disclose quality in a symmetric duopoly. In the context of
the relatively low-quality premiums, the unique symmetric
equilibrium was to not disclose product quality (for both
firms), even if the disclosure costs were zero. In the context of
the relatively high-quality premium and the increasing cost
in quality, there were two equilibriums: full disclosure and
nondisclosure.
As such, our study differs from the previous studies in
several ways. First, we construct a representative consumer’s
model in an oligopolistic market with the scientific uncertainty. Though GM food is generally considered as safe, there
are still some unknowns compared to conventional food,
particularly with respect to human health [25, 26]. We treat
the scientific uncertainty as a kind of risk with a distribution
that has known expected potential net damage and variance.
Additionally, we consider the consumers’ heterogeneous
degree of risk aversion and study the effects of various degrees
of risk aversion on the prices, quantities, and profits in the
separating equilibrium. Finally, the products in our model are
horizontally and vertically differentiated.
In addition, the paper’s numerical simulation and sensitivity analysis both suggest important policy implications.
First, the expected potential net damage is the most sensitive
parameter regarding the price of GM food, the quantities
of the conventional food and GM food, and the profits of
the two types of firms, making government information
particularly important for consumers. Although some recent
studies show GM food may have potential damage to human
health [26], many studies also show GM food is as safe as the
conventional food [27]. Thus, due to the scientific uncertainty
of GM food’s impact on human health, the expectation of
the potential risk is there, though it has gotten lower as
more study is undertaken. Moreover, the two kinds of foods’
price and quantities and two firms’ profits increase as the
product differentiation increases. Government has a role in
encouraging the innovation of food to increase the product
differentiation. Finally, the degree of risk aversion is very
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sensitive to the price of GM food and the profits of the
firm producing the conventional food. Governments should
consider the heterogeneity of consumers when developing
policies.
The paper is organized as follows. The next section
describes models of the representative consumer and two
firms and Section 3 discusses the theoretical separating
equilibrium. Section 4 further analyses the prices, quantities,
and profits in the separating equilibrium using numerical
examples. Additionally an extension is conducted to study
how the changes in the parameters affect prices, quantities,
and profits. The final section presents general conclusions
from the results with policy recommendations.

2. Model Setup
Our theoretic model includes a representative consumer
and two firms. The representative consumer has a certain
degree of risk aversion on the potential damage from GM
food. Each firm produces its product with constant marginal
costs depending on the type of its product. Additionally,
the products in our model are horizontally and vertically
differentiated. Horizontal differentiation means there exists
difference between two firms’ products’ qualities. Vertical
differentiation means there are two versions including conventional food and GM food for each product. In our model,
first, nature independently decides the types of the two firms
from a common distribution and each firm can observe its
own type. Second, two firms simultaneously choose product
prices based on their own types, and finally the representative
consumer determines quantities of the products based on the
observed price. In the model with asymmetric information,
one firm does not observe the type of food produced by the
other firm, and the representative consumer does not observe
the two firms’ food types. In the model with full information,
firms and consumers observe all the food types.
Based on backward induction, we firstly solve consumer’s
problem and then firms’ problems.
2.1. Consumer’s Problem. We consider a representative consumer with risk aversion, who consumes some of each
product. Products 1 and 2 are differentiated goods and the
two products are substitutes. The third is a numeraire good.
Products 1 and 2 can be either conventional or GM food
(signified by 𝑇 or 𝐺, resp.).
Horizontal differentiation is captured by a consumerspecific incremental value of one kind of product. Some
consumers are willing to pay 𝑃 for one unit of Product 1
and 𝑃 + 𝜀 for one unit of Product 2 while, all else equal,
another part of consumers are willing to pay 𝑃 for one unit of
Product 1 and 𝑃 − 𝜀 for one unit of Product 2. The consumerspecific incremental net value will be indicated by horizontal
differentiation.
As for the vertical differentiation, the two products are
vertically differentiated in regard to the quality. All consumers will prefer safer product to one with a lower level of
safety. Any consumers prefer the product without scientific
uncertainty to one with scientific uncertainty if both products
are sold at the same price.

3
Assumption 1 ((𝜃𝐺, 𝜃𝑇 ) = (0, 1)). 𝜃𝑖 denotes an indicator
function which takes on 0 when product 𝑖 is GM food and
takes on 1 when product 𝑖 is the conventional food. And hence
(𝜃𝐺, 𝜃𝑇 ) = (0, 1).
The consumer chooses the food variety and quantity to
maximize the utility. According to Daughety and Reinganum
[23, 28] we set up an initial quadratic utility function.
Considering the scientific uncertainty of GM food, we view
the scientific uncertainty as a risk with a certain expectation
and variation and deal with the risk by introducing the mean
and variation into the initial quadratic utility function based
on the method of Johnstone and Lindley [29]. The utility
function is shown in the following assumption.
Assumption 2. The consumer’s utility function is quadratic in
the two differentiated products with the parameters 𝛼 > 0,
𝛽 > 𝛾 > 0, 𝜏 > 0, and 𝛿 ∼ 𝑁(𝐸(𝛿), var(𝛿)).
2

𝑈 (𝑞1 , 𝑞2 ) = ∑𝑞𝑖 [𝛼 − (1 − 𝜃𝑖 ) 𝐸 (𝛿)]
𝑖=1

−

1 2 2
(∑𝛽𝑞 + ∑ ∑𝛾𝑞𝑖 𝑞𝑗 )
2 𝑖=1 𝑖
𝑖 𝑗=𝑖̸

(1)

1 2
2
− ∑ [𝜏 (1 − 𝜃𝑖 ) var (𝛿)] 𝑞𝑖2 ,
2 𝑖=1
where 𝛾 is the degree of product substitution between the two
goods produced by Firms 1 and 2.
As 𝛾 decreases, the two kinds of products are more
differentiated and consumer’s utility goes up. We assume that
𝛾 lies in the interval (0, 𝛽). The coefficient 𝛼 means the basic
utility of consuming one unit of the conventional food. The
parameter 𝛿 ∼ 𝑁(𝐸(𝛿), var(𝛿)) means scientific uncertainty
from GM food. GM food may or may not be as safe as
the conventional food to human health. Meanwhile, genetic
modification necessarily improves some traits of plants such
as resistance to pests and tolerance to bad conditions. 𝐸(𝛿)
means the expected potential damage minus the utility
increase from the improved traits and var(𝛿) is the volatility
of risk. 𝜏 is the degree of risk aversion. A consumer’s utility of
consuming one unit of GM food goes down as 𝜏 increases.
The consumer chooses quantities (𝑞1 and 𝑞2 ) to maximize
his/her utility with income 𝐼; that is, max𝑞1 ,𝑞2 𝑈(𝑞1 , 𝑞2 ) + 𝐼 −
∑2𝑖=1 𝑝𝑖 𝑞𝑖 , where 𝐼 − ∑2𝑖=1 𝑝𝑖 𝑞𝑖 means the consumption of the
numeraire good.
First-order conditions show the inverse demand function
for product 𝑖 is
𝑝𝑖 (𝑞𝑖 , 𝑞−𝑖 ) = 𝛼 − (1 − 𝜃𝑖 ) 𝐸 (𝛿)
2

− [𝛽 + 𝜏 (1 − 𝜃𝑖 ) var (𝛿)] 𝑞𝑖 − 𝛾𝑞−𝑖 .

(2)

Obviously 𝑝𝑖 < 𝛼 always holds.
Since we focus on firms’ pricing strategy to signal their
product quality, here we further need the following ordinary
demand function:
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2

𝑞𝑖 (𝑝𝑖 , 𝑝−𝑖 ) =

[𝛼 − (1 − 𝜃𝑖 ) 𝐸 (𝛿)] [𝛽 + 𝜏 (1 − 𝜃−𝑖 ) var (𝛿)] − 𝛾 [𝛼 − (1 − 𝜃−𝑖 ) 𝐸 (𝛿)]
2

2

[𝛽 + 𝜏 (1 − 𝜃𝑖 ) var (𝛿)] [𝛽 + 𝜏 (1 − 𝜃−𝑖 ) var (𝛿)] − 𝛾2
(3)

2

+

𝛾𝑝−𝑖 − [𝛽 + 𝜏 (1 − 𝜃−𝑖 ) var (𝛿)] 𝑝𝑖
2

2

[𝛽 + 𝜏 (1 − 𝜃𝑖 ) var (𝛿)] [𝛽 + 𝜏 (1 − 𝜃−𝑖 ) var (𝛿)] − 𝛾2

The equation above represents the consumer’s demand in
the context of full information. However, when information
asymmetry exists, the representative consumer could not
observe products’ qualities but only have perceptions of
products’ qualities, denoted by 𝜃̃𝑖 , (𝑖 = 1, 2). And hence
substituting 𝜃̃𝑖 for 𝜃𝑖 of the above equation yields demand
functions under the condition of asymmetric information.
2.2. The Firm’s Problem. It is known that the application of
transgenic technology can reduce agricultural production
costs [5, 30]. For simplicity, we assume the marginal cost of
GM food is normalized to zero and that of conventional food
is 𝑘 > 0. Additionally, we maintain the following assumption
throughout this paper.

.

Assumption 3 (𝐸(𝛿𝑖 ) > 𝑘 > 0). 𝐸(𝛿𝑖 ) > 𝑘 means the consumer
would be willing to pay 𝑘 to buy the conventional food to
avoid the expected loss 𝐸(𝛿𝑖 ) from purchasing and consuming
one unit of GM food.
Given the rival’s price and perceived product type, one
firm’s profits can be expressed as a function of its price,
cost, true product type, and perceived product type. In the
context of full information, the perceived type is consistent
with the true product type. However, under the condition of
asymmetric information, the perceived type may be different
from the true product type. And hence firm 𝑖’s profits can be
written as

2

{
{ [𝛼 − (1 − 𝜃̃𝑖 ) 𝐸 (𝛿)] [𝛽 + 𝜏 (1 − 𝜃̃−𝑖 ) var (𝛿)] − 𝛾 [𝛼 − (1 − 𝜃̃−𝑖 ) 𝐸 (𝛿)]
𝜋𝑖 (𝑝𝑖 , 𝜃𝑖 , 𝜃̃𝑖 | 𝑝−𝑖 , 𝜃̃−𝑖 ) = (𝑝𝑖 − 𝑘𝜃𝑖 ) {
2
2
{
[𝛽 + 𝜏 (1 − 𝜃̃𝑖 ) var (𝛿)] [𝛽 + 𝜏 (1 − 𝜃̃−𝑖 ) var (𝛿)] − 𝛾2
{
2

+

𝛾𝑝−𝑖 − [𝛽 + 𝜏 (1 − 𝜃̃−𝑖 ) var (𝛿)] 𝑝𝑖

}
}
}.
2
2
[𝛽 + 𝜏 (1 − 𝜃̃𝑖 ) var (𝛿)] [𝛽 + 𝜏 (1 − 𝜃̃−𝑖 ) var (𝛿)] − 𝛾2 }
}

A firm has the full information about its own marginal
cost and hence we do not use 𝑘𝜃̃𝑖 but 𝑘𝜃𝑖 to mean firm 𝑖’
marginal cost in its profits function. The second term above is
the consumer’s demand based on the prices and his perceived
types of two firms’ products.

For the game with asymmetric information, we characterize a symmetric separating perfect Bayesian equilibrium.
Firm 𝑖 does not know the product type of its rival and predicts
that its rival uses the pricing strategy 𝑝∗ (𝜃) by charging
the price 𝑝∗ (1) with probability 𝜆 and the price 𝑝∗ (0) with
probability 1 − 𝜆. Thus, firm 𝑖’s expected profits with respect
to 𝜃−𝑖 can be written as

2
{
{ [𝛼 − (1 − 𝜃̃𝑖 ) 𝐸 (𝛿)] [𝛽 + 𝜏 (1 − 𝜃̃−𝑖 ) var (𝛿)] − 𝛾 [𝛼 − (1 − 𝜃̃−𝑖 ) 𝐸 (𝛿)]
𝐸−𝑖 [𝜋𝑖 (𝑝𝑖 , 𝜃𝑖 , 𝜃̃𝑖 | 𝑝−𝑖 , 𝜃̃−𝑖 )] = (𝑝𝑖 − 𝑘𝜃𝑖 ) 𝐸−𝑖 {
2
2
{
[𝛽 + 𝜏 (1 − 𝜃̃𝑖 ) var (𝛿)] [𝛽 + 𝜏 (1 − 𝜃̃−𝑖 ) var (𝛿)] − 𝛾2
{

+

(4)

2
𝛾𝑝−𝑖 − [𝛽 + 𝜏 (1 − 𝜃̃−𝑖 ) var (𝛿)] 𝑝𝑖

}
}
}.
[𝛽 + 𝜏 (1 − 𝜃̃𝑖 ) var (𝛿)] [𝛽 + 𝜏 (1 − 𝜃̃−𝑖 ) var (𝛿)] − 𝛾2 }
}
2

2

(5)
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Simplifying the second term yields firm 𝑖’s expected
profits:

2
{
{ [𝛼 − (1 − 𝜃̃𝑖 ) 𝐸 (𝛿)] [𝛽 + 𝜏 (1 − 𝜆) var (𝛿)] − 𝛾 [𝛼 − (1 − 𝜆) 𝐸 (𝛿)]
Π𝑖 (𝑝𝑖 , 𝜃𝑖 , 𝜃̃𝑖 | 𝐸 (𝑝∗ )) = (𝑝𝑖 − 𝑘𝜃𝑖 ) {
2
{
[𝛽 + 𝜏 (1 − 𝜃̃𝑖 ) var (𝛿)] [𝛽 + 𝜏 (1 − 𝜆)2 var (𝛿)] − 𝛾2
{

+

(6)

}
}
},
[𝛽 + 𝜏 (1 − 𝜃̃𝑖 ) var (𝛿)] [𝛽 + 𝜏 (1 − 𝜆)2 var (𝛿)] − 𝛾2 }
}
∗

2

𝛾𝐸 (𝑝 ) − [𝛽 + 𝜏 (1 − 𝜆) var (𝛿)] 𝑝𝑖
2

where 𝐸(𝑝∗ ) = 𝜆𝑝∗ (1) + (1 − 𝜆)𝑝∗ (0).
Moreover, the second term above is linear in the rival’s
price but nonlinear in the rival’s product types. Irrespective
of true product type, it is always more profitable to be
perceived as type 𝑇 when prices are given since 𝜕Π𝑖 (𝑝𝑖 , 𝜃𝑖 , 𝜃̃𝑖 |
𝐸(𝑝∗ ))/𝜕𝜃̃𝑖 > 0 always holds. Let 𝐵(𝑝) denote the consumer’s
belief function. The consumer infers firm 𝑖 to be of type
𝐵(𝑝𝑖 ) based only on the price 𝑝𝑖 charged by firm 𝑖. When
the representative consumer’s belief function and the rival’s
pricing strategy are given, two firms manage to maximize
their own expected profits in equilibrium. Specifically, the
separating perfect Bayesian equilibrium would be formalized
as follows.
Definition 4. The separating perfect Bayesian equilibrium
consists of a pair of prices (𝑝∗ (0), 𝑝∗ (1)) = (𝑃𝐺, 𝑃𝑇 ) and
beliefs 𝐵∗ (𝑝) such that, for 𝑖 = 1, 2,
(i) Π𝑖 (𝑃𝐺, 0, 0 | 𝐸(𝑝∗ )) ≥ max𝑝 Π𝑖 (𝑝, 0, 𝐵∗ (𝑝) | 𝐸(𝑝∗ )),
(ii) Π𝑖 (𝑃𝑇 , 1, 1 | 𝐸(𝑝∗ )) ≥ max𝑝 Π𝑖 (𝑝, 1, 𝐵∗ (𝑝) | 𝐸(𝑝∗ )).
Parts (i) and (ii) show that the consumer’s beliefs are
consistent with the fact in equilibrium. When one firm
charges 𝑃𝐺, the consumer believes the firm produces GM
food. When one firm charges 𝑃𝑇 , the consumer believes the
firm produces conventional food. Moreover, in the context
of the given pricing strategy of the rival and the consumer’s
belief function, part (i) says the firm producing GM food
prefers to charge 𝑃𝐺, while part (ii) says the firm producing
conventional food prefers to charge 𝑃𝑇 in the separating
perfect Bayesian equilibrium.

3. Theoretical Analyses
In this section, we solve for a separating perfect Bayesian
equilibrium; that is, we solve for the pricing strategy (𝑃𝐺, 𝑃𝑇 ),
the associated quantities (𝑄𝐺, 𝑄𝑇 ), and the associated profits
(Π𝐺, Π𝑇 ).
Each firm has full information on his own product type
and cost, and let 𝑐𝑢 = 𝑘𝜃𝑢 , where 𝑢 = 𝐺, 𝑇. Based on
Assumption 1 (𝜃𝐺 = 0, 𝜃𝑇 = 1), we have (𝑐𝐺, 𝑐𝑇 ) = (0, 𝑘) which
is consistent with the previous assumption on marginal costs.
The firm’s demand based on its perceived product type is
(𝑑V − 𝑝)ℎV , where V = 𝐺, 𝑇, 𝑑V ≡ [𝛼 − (1 − 𝜃̃V )𝐸(𝛿)] − 𝑒𝛾[𝛼 −

(1 − 𝜆)𝐸(𝛿) − 𝐸(𝑝∗ )], ℎV ≡ 𝑓V /𝑒, 𝑒 ≡ 1/(𝛽 + 𝜏(1 − 𝜆)2 var(𝛿)),
and 𝑓V ≡ 1/([𝛽 + 𝜏(1 − 𝜃̃V )2 var(𝛿)][𝛽 + 𝜏(1 − 𝜆)2 var(𝛿)] − 𝛾2 ).
And hence the firm’s profits can be rewritten as Π𝑢V = (𝑝 −
𝑐𝑢 )ℎV (𝑑V − 𝑝), where the true type 𝑢 = 𝐺, 𝑇 and the perceived
type V = 𝐺, 𝑇.
To guarantee that a firm always has positive profits,
regardless of the perceived product type and the rival firm’s
pricing strategy, we need 𝑑V > 𝑐𝑢 for all 𝑢, V. Its tightest
constraint is min(𝑑V ) > max(𝑐𝑢 ); that is,
𝛼 − (1 − 𝜃̃𝑖 ) 𝐸 (𝛿) − 𝑒𝛾 [𝛼 − (1 − 𝜆) 𝐸 (𝛿) − 𝐸 (𝑝∗ )]
= 𝑑𝐺 > 𝑐𝑇 = 𝑘.

(7)

Considering that 𝜆 may be arbitrarily close to 1, 𝐸(𝑝∗ )
may be arbitrarily close to 0, and 𝑘 (though smaller) may be
arbitrarily close to 𝐸(𝛿), we employ the following sufficient
condition.
Assumption 5 (𝛼 > 2𝐸(𝛿)𝛽/(𝛽 − 𝛾)). Notice that Assumption 5 is a strong sufficient condition for 𝑑𝐺 > 𝑐𝑇 , not a
necessary condition. Obviously 𝑑𝐺 is not less than 𝛼(1−𝛾/𝛽)−
𝐸(𝛿) and Assumption 5 yields 𝛼(1 − 𝛾/𝛽) − 𝐸(𝛿) > 𝐸(𝛿). And
hence 𝑑𝐺 > 𝐸(𝛿). Based on the fact 𝑐𝑇 = 𝑘 and Assumption 3,
we obtain 𝑑𝐺 > 𝑐𝑇 .
Proposition 6. The prices 𝑝𝑢V = (𝑐𝑢 + 𝑑V )/2 to maximize one
firm’s profits given pricing strategy of the rival are ordered as
follows: 𝑝𝑇𝑇 > 𝑝𝐺𝑇 > 𝑝𝑇𝐺 > 𝑝𝐺𝐺, where 𝑢 means the true
product type and V means the perceived product type, and 𝑢 =
𝐺, 𝑇, V = 𝐺, 𝑇.
Obviously, profits Π𝑢V would be maximized when 𝑝𝑢V =
(𝑐𝑢 +𝑑V )/2. Since the production cost is an increasing function
of the true type of products and 𝑑V is an increasing function
of the perceived product type, the price 𝑝𝐺𝑇 or 𝑝𝑇𝐺 will fall in
between 𝑝𝑇𝑇 and 𝑝𝐺𝐺.
According to the fact 𝐸(𝛿𝑖 ) = 𝑑𝑇 − 𝑑𝐺 and Assumption 3,
we can obtain that 𝑝𝐺𝑇 is higher than 𝑝𝑇𝐺. The price charged
by the 𝑇-type firm which is perceived as the 𝐺-type firm is
higher than the price charged by the 𝐺-type firm which is
perceived as the 𝑇-type firm if the consumer is willing to
pay 𝑘 to buy the conventional food to avoid the expected
loss from GM food. The incorrect perception of consumers
will negatively affect the production enthusiasm of the 𝑇-type
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firm. It reflects the importance of consumer’s perception and
the exact quality signalling by price.
Lemma 7. Given 𝐸(𝑝∗ ), in the separating equilibrium,
𝑇-type firm’s best response is 𝑝𝑇 (𝐸(𝑝∗ )) = 0.5(𝑑𝑇 +
2 ), while 𝐺-type firm’s best response is
√𝑑𝑇2 − (ℎ𝐺/ℎ𝑇 )𝑑𝐺
∗
𝑝𝐺(𝐸(𝑝 )) = 𝑑𝐺/2. Additionally, the own-price and the
expected rival’s price are strategic complements.
As introduced before, we have the maximum profits
max(Π𝑢V ) = ℎV (𝑑V − 𝑐𝑢 )2 /4. If a firm of type 𝐺 is perceived
as being of type 𝐺, its best response is 𝑝𝐺𝐺. If the 𝑇-type firm
is perceived as such, its best response is 𝑝𝑇𝑇 . However, we need
to judge whether 𝑝𝑇𝑇 meets the need of the separating perfect
Bayesian equilibrium.

The proof of Lemma 7 is presented in Appendix.
According to Lemma 7, we know two firms’ best
responses 𝑝𝑇 (𝐸(𝑝∗ )) and 𝑝𝐺(𝐸(𝑝∗ )) are both the function
of 𝐸(𝑝∗ ) since both 𝑑𝑇 and 𝑑𝐺 contain the term of 𝐸(𝑝∗ ).
After we derive the solution to 𝐸(𝑝∗ ), we can obtain the best
responses of the two types.
We can see that the pricing strategy between the 𝐺-type
firm and the 𝑇-type firm are complementary. In the situation
of information asymmetry, the behavior of the 𝑇-type firm
will be affected by the pricing strategy of the 𝐺-type firm.
The consistent pricing strategy is advantageous to itself and its
opponent. In the face of raising price of GM food, the 𝑇-type
firm will be afraid that its conventional food may be viewed
as GM food if it does not put up the price of the conventional
food.
Proposition 8. There are two separating perfect Bayesian
equilibriums consisting of a pair of prices (𝑃𝐺, 𝑃𝑇 ) with 𝑃𝐺 <
𝑃𝑇 , and supporting beliefs 𝐵(𝑝∗ ), with 𝐵(𝑝∗ ) = 1 when 𝑝 ≥ 𝑃𝑇 ,
and 𝐵(𝑝∗ ) = 0 when 𝑝 < 𝑃𝑇 .
The proof of Proposition 6 is presented in Appendix.
In both Bayesian equilibriums, the price is a good signal
of the type of foods. The food with the higher price of 𝑃𝑇
is perceived as the conventional food. Otherwise, the food
would be viewed as GM food. The price of conventional
food is significantly higher than that of GM food in terms
of separating equilibrium, and additionally the price gap
between the conventional food and GM food is positively
correlated to the expected net potential damage 𝐸(𝛿) because
of the positive correlation between 𝜔∗ and 𝐸(𝛿).
Proposition 9. In the separating perfect Bayesian equilibrium,
𝑄𝑇 < 𝑄𝐺 holds if (𝑝𝑇 − 𝑝𝐺 − 𝐸(𝛿))/𝑝𝐺 > 1 − ℎ𝐺/ℎ𝑇 ; 𝑄𝑇 > 𝑄𝐺
holds if (𝑝𝑇 − 𝑝𝐺 − 𝐸(𝛿))/𝑝𝐺 < 1 − ℎ𝐺/ℎ𝑇 , where ℎ𝐺 = (𝛽 +
𝜏(1 − 𝜆)2 var(𝛿))/([𝛽 + 𝜏var(𝛿)][𝛽 + 𝜏(1 − 𝜆)2 var(𝛿)] − 𝛾2 ) and
ℎ𝑇 = (𝛽 + 𝜏(1 − 𝜆)2 var(𝛿))/(𝛽[𝛽 + 𝜏(1 − 𝜆)2 var(𝛿)] − 𝛾2 ).
In the separating perfect Bayesian equilibrium, two firms’
quantities are 𝑄𝐺 = ℎ𝐺𝑌∗ and 𝑄𝑇 = ℎ𝑇 (𝑑𝑇 − 𝑝𝑇 ) =
ℎ𝑇 (𝑌∗ + 𝐸(𝛿)/2 − 𝜔∗ ), respectively. We know the equilibrium
prices of GM food and conventional food are 𝑝𝐺 = 𝑌∗ and
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𝑝𝑇 = 𝑌∗ + 𝜔∗ + 𝐸(𝛿)/2, respectively. It means that, in the
separating perfect Bayesian equilibrium, the demand of the
conventional food is smaller than that of GM food if the
expected net potential damage of GM food is small enough or
the gap between the price of conventional food and GM food
is big enough; otherwise the demand of GM food is smaller
than that of the conventional food.
This reflects the distortion in prices due to signalling
product type when the expected net potential damage of
GM food is small enough or the gap between the prices
of conventional food and GM food is big enough. In this
situation, the price from the 𝑇-type firm is so much higher
than the price charged by the 𝐺-type firm that it is not worth
avoiding the risk from the scientific uncertainty by paying a
high price for the convention food and that consumers are
redistributed toward the G-type firm.
Proposition 10. The profits of the 𝐺-type firm and the 𝑇-type
firm are both monotonically increasing in the price of GM food.
It can be proved that the profit of the 𝐺-type firm is
increasing with the price of the GM food. In addition, we can
also get that, with the increase of GM food price, the profits
of 𝑇-type firm will rise since the pricing strategy between the
𝐺-type firm and the 𝑇-type firm is complementary.
In the situation of information asymmetry, the optimal
pricing strategy of the 𝑇-type firm will be affected by the
behavior of the 𝐺-type firm. The consistent pricing strategy
is beneficial to itself and its opponent. When the 𝐺-type firm
enhances the price of GM food, the optimal strategy for the
𝑇-type firm is to put up the price of the conventional food in
case the conventional food is viewed as GM food and further
enlarges its profit.
Proposition 11. The separating perfect Bayesian equilibrium
consisting of a pair of larger prices (𝑃𝐺∗ , 𝑃𝑇∗ ) is the first-best
solution if 𝑃𝐺∗ < 𝑃𝑇∗ < 𝛼; smaller prices (𝑃𝐺∗ , 𝑃𝑇∗ ) are the firstbest solution if 𝑃𝑇∗ ≥ 𝑃𝐺∗ ≥ 𝛼.
Although (A.8) in the part of proof of Proposition 8
has two positive roots, which one is the optimal solution?
The answer depends on the profits and the basic utility 𝛼.
Proposition 10 shows the profits functions of the 𝐺-type
firm and the 𝑇-type firm both monotonically increase as the
price of GM food. Therefore, in terms of the principle of
maximizing profits, the bigger 𝑌∗ is the more optimal the
solution is.
In this equilibrium, 𝑃𝑇∗ is the lowest price that the 𝑇type firm can distinguish from a 𝐺-type firm and receive the
maximum profit. The higher price than 𝑃𝑇∗ also signals the
conventional food but is less profitable for the 𝑇-type firm.
On the contrary, the lower price than 𝑃𝑇∗ charged by the 𝑇type firm will provide a profitable deviation for a 𝐺-type firm
if consumers infer that the 𝐺-type firm charging that price is
a 𝑇-type firm.
In short, the separating perfect Bayesian equilibrium
consisting of the higher price combination is the first-best
solution when the price of the conventional food is low
enough (i.e., lower than the basic utility 𝛼). In contrast, the
lower price combination is the optimal solution when the
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price of GM food is high enough (i.e., higher than the basic
utility 𝛼).

4. Numerical Simulation
In this section, we further analyze the separating perfect
Bayesian equilibrium under the asymmetric information

using numerical examples. Based on Assumptions 1–5,
consider 𝛼 = 10; 𝛽 = 2; 𝛾 = 0.5; 𝜏 = 0.5; 𝜆 = 0.5; 𝑘 = 2.5;
𝐸(𝛿) = 3; var(𝛿) = 1.5.
We begin by solving for (𝑞1 , 𝑞2 ). To do so we solve
max𝑞1 ,𝑞2 𝑈(𝑞1 , 𝑞2 ) + 𝐼 − ∑2𝑖=1 𝑝𝑖 𝑞𝑖 and obtain the following
ordinary demand function:

2

𝑞𝑖 (𝑝𝑖 , 𝑝−𝑖 ) =

2

[10 − 3 (1 − 𝜃𝑖 )] [2 + 0.5 (1 − 𝜃−𝑖 ) × 1.5] − 0.5 [𝛼 − (1 − 𝜃−𝑖 ) 𝐸 (𝛿)] + 𝛾𝑝−𝑖 − [2 + 0.5 (1 − 𝜃−𝑖 ) × 1.5] 𝑝𝑖
2

2

[2 + 0.5 (1 − 𝜃𝑖 ) × 1.5] [2 + 0.5 (1 − 𝜃−𝑖 ) × 1.5] − 0.52

. (8)

And hence firm 𝑖’s profits are as follows:
2
{
{ [10 − 3 (1 − 𝜃̃𝑖 )] [2 + 0.5 (1 − 𝜃̃−𝑖 ) × 1.5] − 0.5 [10 − 3 (1 − 𝜃̃−𝑖 )]
𝜋𝑖 (𝑝𝑖 , 𝜃𝑖 , 𝜃̃−𝑖 | 𝑝−𝑖 , 𝜃̃−𝑖 ) = (𝑝𝑖 − 2.5𝜃𝑖 ) {
2
2
{
[2 + 0.5 (1 − 𝜃̃𝑖 ) × 1.5] [2 + 0.5 (1 − 𝜃̃−𝑖 ) × 1.5] − 0.52
{
2
0.5𝑝−𝑖 − [2 + 0.5 (1 − 𝜃̃−𝑖 ) × 1.5] 𝑝𝑖

(9)

}
}
+
},
2
2
2
[2 + 0.5 (1 − 𝜃̃−𝑖 ) × 1.5] [2 + 0.5 (1 − 𝜃̃−𝑖 ) × 1.5] − 0.5 }
}

and firm 𝑖’s expected profits are

2
{
{ [10 − 3 (1 − 𝜃̃𝑖 )] [2 + 0.5 (1 − 𝜆) × 1.5] − 0.5 [10 − 3 (1 − 𝜆)]
Π𝑖 (𝑝𝑖 , 𝜃𝑖 , 𝜃̃𝑖 | 𝐸 (𝑝∗ )) = (𝑝𝑖 − 2.5𝜃𝑖 ) {
2
{
[2 + 0.5 (1 − 𝜃̃𝑖 ) × 1.5] [2 + 0.5 (1 − 𝜆)2 × 1.5] − 0.52
{

+

(10)

}
}
},
[2 + 0.5 (1 − 𝜃̃𝑖 ) × 1.5] [2 + 0.5 (1 − 𝜆)2 × 1.5] − 0.52 }
}
∗

2

0.5𝐸 (𝑝 ) − [2 + 0.5 (1 − 𝜆) × 1.5] 𝑝𝑖
2

where 𝐸(𝑝∗ ) = 0.5𝑝∗ (1) + 0.5𝑝∗ (0).
Thus, based on Proposition 10, in the separating perfect
Bayesian equilibrium, the prices of GM food and conventional food are 𝑝𝐺 = 1.53 and 𝑝𝑇 = 5.77, respectively. The
corresponding quantities are 𝑄𝐺 = 0.58 and, 𝑄𝑇 = 0.15,
respectively. 𝑄𝑇 < 𝑄𝐺 since (𝜔∗ − 0.5𝐸(𝛿))/𝑌∗ > 1 − ℎ𝐺/ℎ𝑇
holds in this example. Two firms’ profits are Π𝑇 = 0.89 and
Π𝐺 = 0.50, respectively.
In this section, we will investigate how the change in
the model parameters affect the pricing strategy (𝑃𝐺, 𝑃𝑇 ),
the associated quantities (𝑄𝐺, 𝑄𝑇 ), and the associated profits
(Π𝐺, Π𝑇 ) in the separating perfect Bayesian equilibrium. We
focus on the following four categories of parameters: (i)
parameters on the scientific uncertainty: 𝐸(𝛿) and var(𝛿); (ii)
parameters on the asymmetric information: 𝜆; (iii) parameters on the degree of product substitution 𝛾; (iv) parameters
on the degree of risk aversion 𝜏.

Table 1 illustrates the effects of changing four categories
of parameters on the price of GM food 𝑃𝐺. It shows that
increases of the expected net potential damage 𝐸(𝛿), the
perceived proportion of 𝑇-type firm 𝜆, the degree of product substitution 𝛾, and the degree of risk aversion 𝜏 all
lead to decreases of the price of GM food; an increase of
the volatility of potential risk var(𝛿) leads to an increase
of the price of GM food. From the perspective of the
average volatility, 𝑃𝐺 is more sensitive to the expected
net potential damage 𝐸(𝛿) compared to another four
parameters.
Table 2 reveals the effects of changing four categories
of parameters on the price of the conventional food 𝑃𝑇 .
From Table 2 we can see that increases of the expected net
potential damage 𝐸(𝛿) and the volatility of potential risk
var(𝛿) both lead to increases of the price of the conventional
food; increases of the perceived proportion of 𝑇-type firm 𝜆,
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Table 1: Effects of changing four categories of parameters on 𝑃𝐺.

Variation in
parameter
𝐸(𝛿)
var(𝛿)
𝛾
𝜏
𝜆

−20

−15

−10

1.6773
1.5267
1.5695
1.5828
1.5484

1.6405
1.5275
1.5594
1.5641
1.5439

1.6036
1.5283
1.5494
1.5498
1.5393

% change value in parameter
−5
0
5
1.5668
1.5291
1.5395
1.5387
1.5346

1.5299
1.5299
1.5299
1.5299
1.5299

1.4930
1.5307
1.5205
1.5230
1.5252

10

15

20

1.4561
1.5315
1.5114
1.5175
1.5204

1.4192
1.5323
1.5024
1.5130
1.5156

1.3823
1.5331
1.4938
1.5095
1.5107

Table 2: Effects of changing four categories of parameters on 𝑃𝑇 .
Variation in
parameter
𝐸(𝛿)
var(𝛿)
𝛾
𝜏
𝜆

−20

−15

−10

5.3805
5.7457
5.8352
5.8402
5.8009

5.4796
5.7519
5.8183
5.8138
5.7932

5.5774
5.7580
5.8018
5.7944
5.7855

% change value in parameter
−5
0
5
5.6741
5.7639
5.7855
5.7801
5.7776

5.7696
5.7696
5.7696
5.7696
5.7696

5.8641
5.7752
5.7541
5.7620
5.7616

10

15

20

5.9576
5.7807
5.7390
5.7566
5.7534

6.0502
5.7861
5.7243
5.7529
5.7452

6.1419
5.7914
5.7102
5.7507
5.7370

Table 3: Effects of changing four categories of parameters on 𝑄𝐺.
Variation in
parameter
𝐸(𝛿)
var(𝛿)
𝛾
𝜏
𝜆

−20

−15

−10

0.6364
0.6147
0.5863
0.6373
0.5865

0.6224
0.6057
0.5846
0.6203
0.5851

0.6084
0.5971
0.5830
0.6055
0.5836

% change value in parameter
−5
0
5
0.5944
0.5886
0.5817
0.5923
0.5820

the degree of product substitution 𝛾, and the degree of risk
aversion 𝜏 all lead to decrease of the price of the conventional
food. Moreover, 𝑃𝐺 is more sensitive to the expected net
potential damage 𝐸(𝛿) compared to the volatility of potential
risk var(𝛿), the degree of product substitution 𝛾, the perceived
proportion of 𝑇-type firm 𝜆, and the degree of risk aversion
𝜏.
Tables 3–6 show the effects of changing four categories
of parameters on the quantity of GM food, the quantity
of the conventional food, the profits of 𝐺-type firm, and
the profits of 𝑇-type firm. We see that the quantity of GM
food, the quantity of the conventional food, the profits of
𝐺-type firm, and the profits of 𝑇-type firm all decrease as
the expected net potential damage 𝐸(𝛿), and the volatility of
potential risk var(𝛿), the perceived proportion of 𝑇-type firm
𝜆, the degree of product substitution 𝛾, or the degree of risk
aversion 𝜏 increases. Moreover, the quantity of GM food 𝑄𝐺,
the quantity of the conventional food 𝑄𝑇 , and the profits of
𝐺-type firm Π𝐺 and 𝑇-type firm Π𝑇 are all most sensitive
to the expected net potential damage 𝐸(𝛿). It is essential to
officially enhance the popularization of science on GM food
to get the consumers’ expected potential net damage stable
or even lower. Finally, the degree of risk aversion 𝜏 is the
second sensitive parameter to the profits of 𝑇-type firm Π𝑇 .
It should be noted that governments should not overlook the

0.5805
0.5805
0.5805
0.5805
0.5805

0.5665
0.5725
0.5795
0.5696
0.5789

10

15

20

0.5525
0.5648
0.5787
0.5596
0.5773

0.5385
0.5573
0.5781
0.5503
0.5756

0.5244
0.5500
0.5778
0.5415
0.5740

heterogeneity of consumers in their degree of risk aversion
when making policy-decisions.

5. Conclusion
In this article, we combine the consumer’s utility maximization model and the firm’s profits maximization model. In
doing so, we constructed a representative consumer’s model
in an oligopolistic market with information asymmetry and
scientific uncertainty and horizontally and vertically differentiated and substitute goods. This paper treats the scientific
uncertainty as a risk with a known distribution, the expected
potential net damage, and the volatility of risk. We employ
a signalling model in which the type of a firm’s product is
not public information, but private information; the firm’s
choice of price may signal its product type to consumers. In
the separating perfect Bayesian equilibrium, there exists the
lowest price for the T-type firm to distinguish itself from the
G-type firm and maximize profits.
Deriving from these two models, we have been able to
generate a variety of results. First, to maximize one firm’s
profits given pricing strategy of the rival, the firm charges
the highest price if the T-type firm is perceived as such;
the firm charges the second highest price if the G-type
firm is perceived as the T-type firm; the firm charges the
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Table 4: Effects of changing four categories of parameters on 𝑄𝑇 .

Variation in
parameter

−20
0.1984
0.1633
0.1577
0.1727
0.1566

𝐸(𝛿)
var(𝛿)
𝛾
𝜏
𝜆

−15
0.1863
0.1609
0.1567
0.1669
0.1559

−10
0.1749
0.1585
0.1557
0.1619
0.1553

% change value in parameter
−5
0
5
0.1641
0.1539
0.1442
0.1562
0.1539
0.1517
0.1548
0.1539
0.1531
0.1577
0.1539
0.1506
0.1546
0.1539
0.1532

10
0.1350
0.1496
0.1524
0.1475
0.1525

15
0.1263
0.1476
0.1517
0.1447
0.1518

20
0.1180
0.1456
0.1512
0.1421
0.1511

10
0.8045
0.8650
0.8746
0.8492
0.8777

15
0.7642
0.8539
0.8686
0.8326
0.8724

20
0.7249
0.8431
0.8631
0.8174
0.8671

15
0.4484
0.4850
0.4892
0.4708
0.4928

20
0.4298
0.4792
0.4852
0.4620
0.4892

Table 5: Effects of changing four categories of parameters on Π𝐺.
Variation in
parameter
𝐸(𝛿)
var(𝛿)
𝛾
𝜏
𝜆

−20
1.0674
0.9384
0.9203
1.0087
0.9082

−15
1.0210
0.9253
0.9116
0.9701
0.9033

−10
0.9757
0.9125
0.9033
0.9383
0.8983

% change value in parameter
−5
0
5
0.9314
0.8881
0.8458
0.9001
0.8881
0.8764
0.8955
0.8881
0.8811
0.9114
0.8881
0.8675
0.8932
0.8881
0.8829

Table 6: Effects of changing four categories of parameters on Π𝑇 .
Variation in parameter
𝐸(𝛿)
var(𝛿)
𝛾
𝜏
𝜆

−20
0.5714
0.5301
0.5260
0.5769
0.5168

−15
0.5552
0.5231
0.5199
0.5530
0.5135

−10
0.5384
0.5163
0.5141
0.5335
0.5101

% change value in parameter
−5
0
5
0.5210
0.5033
0.4852
0.5097
0.5033
0.4970
0.5085
0.5033
0.4983
0.5172
0.5033
0.4911
0.5067
0.5033
0.4998

second lowest price if the T-type firm is perceived as the
G-type firm; the firm charges the lowest price if the G-type
firm is perceived as such. The interesting result is the price
charged by the T-type firm which is perceived as the Gtype firm is higher than the price charged by the G-type
firm which is perceived as the T-type firm, if the consumer
is willing to pay 𝑘 to buy the conventional food to avoid
the expected loss from GM food. Second, there are two
separating perfect Bayesian equilibriums in which the price
of the conventional food is significantly higher than that of
GM food and the own-price and the expected rival’s price
are strategic complements, and additionally the price gap
between the conventional food and GM food enlarges as
the expected net potential damage increases. The separating
perfect Bayesian equilibrium consisting of the higher price
combination is the first-best solution when the price of the
conventional food is low enough (i.e., lower than the basic
utility 𝛼). In contrast, the lower price combination is the
optimal solution when the price of GM food is high enough
(i.e., higher than the basic utility 𝛼). Actually, the price of
GM food is larger than the basic utility when the difference
between the conventional food and GM food is large enough.
In the separating perfect Bayesian equilibriums, there exists
the corresponding lowest price for the firm producing the
conventional food to distinguish it from the other types of
firms. Third, in the separating perfect Bayesian equilibrium,

10
0.4669
0.4909
0.4936
0.4804
0.4963

it is ambiguous whether the quantity of the conventional food
is smaller than the quantity of GM food. Finally, the profits of
the G-type firm and the T-type firm are both monotonically
increasing in the price of GM food.
Our numerical example and sensitivity analysis also show
that increases of the expected net potential damage, the
perceived proportion of T-type firm, the degree of product
substitution, and the degree of risk aversion all lead to
decreases of the price of GM food; and an increase of the
volatility of potential risk leads to an increase of the price
of GM food. From the perspective of the average volatility,
the price of GM food is most sensitive to the expected net
potential damage.
Additionally, increases of the expected net potential
damage and the volatility of potential risk both lead to
increases of the price of the conventional food; increases
of the perceived proportion of T-type firm, the degree of
product substitution, and the degree of risk aversion all lead
to decreases of the price of the conventional food. Moreover,
the price of the conventional food is most sensitive to the
expected net potential damage.
Finally, the quantity of GM food, the quantity of the
conventional food, the profits of G-type firm, and the profits
of T-type firm all decrease as the expected net potential
damage, and the volatility of potential risk, the perceived
proportion of T-type firm, the degree of product substitution,
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or the degree of risk aversion increases. Moreover, the
quantities of GM food and the conventional food and the
profits of G-type firm and T-type firm are all most sensitive
to the expected net potential damage. Finally, the degree of
risk aversion is the second sensitive parameter to the profits
of T-type firm.
Several important policy implications emerge based on
the results from our theory deduction and sensitivity analysis.
First, the improved traits via genetically modified technology
should be encouraged to be developed and presented to
decrease the expected potential net damage and hence to
increase the profits of both types of firms. Second, our simulation results show that the expected potential net damage
is the most sensitive parameter to the prices of GM food and
the conventional food, the quantities of the conventional food
and GM food, and also the profits of two types of firms. Thus,
government should help consumers to know more about
GM food, particularly its generally regarded as safe nature.
Although some recent studies show certain GM foods may
negatively impact human health [26], numerous studies also
show GM food to be as safe as the conventional food [27].
Labelling is not required for GM plant food since the Food
& Drug Administration (FDA) in United States thinks GM
food is bioequivalent to conventional plant food. The risk
rankings of Costa-Font et al. [31] also indicate that GM food
is perceived as less risky than irradiation, artificial growth
hormones in food, or pesticides used in the production
process. Thus, given these potential upsides, it is essential
to officially enhance the popularization of the science on
GM food to help reduce the consumers’ expected potential
fears. Third, governments should encourage the innovation
of food products to increase the product differentiation,
which helps increase the food’s price, quantities, and firm
profitability. Finally, our results show that the profit of the
firm producing the conventional food is very sensitive to
the degree of risk aversion, while the decrease in the degree
of risk aversion helps increase the food’s price, quantity,
and the firm’s profits. Different consumers have different
degrees of risk aversion [32]. Government should consider
the heterogeneity of consumers in their degree of risk aversion when making policy-decisions, particularly with wideranging public health concerns.

Appendix
Proof of Lemma 7. Based on Definition 4, in order to separate
from 𝐺-type firm, the best response for the type 𝑇 firm would
be a member of the following set:
{𝑝 | (𝑝 − 𝑐𝐺) ℎ𝑇 (𝑑𝑇 − 𝑝)
2

ℎ (𝑑 − 𝑐 )
≤ 𝐺 𝐺 𝐺 , (𝑝 − 𝑐𝑇 ) ℎ𝑇 (𝑑𝑇 − 𝑝)
4
2

≥

ℎ𝐺 (𝑑𝐺 − 𝑐𝑇 )
},
4

where 𝑐𝐺 = 0 and 𝑐𝑇 = 𝑘.

(A.1)

The first inequality says that 𝐺-type firm prefers to charge
price 𝑝𝐺𝐺 rather than price 𝑝 to be perceived as 𝑇-type, which
means 𝐺-type firm has no incentive to act as 𝑇-type in this
situation. The second inequality says that 𝑇-type firm prefers
to charge price 𝑝 to be perceived as 𝑇-type rather than 𝑝𝑇𝐺,
which means it is worthwhile for the 𝑇-type firm to use this
price to avoid being perceived as a type 𝐺 firm.
Based on Assumption 3 (𝐸(𝛿𝑖 ) > 𝑘 > 0) and the fact
𝑑𝑇 − 𝑑𝐺√ℎ𝐺/ℎ𝑇 > 𝑑𝑇 − 𝑑𝐺 = 𝐸(𝛿𝑖 ), we obtain the following
inequality:
2

0.5 {𝑑𝑇 + 𝑐𝐺 + √ (𝑑𝑇 − 𝑐𝐺) −

ℎ𝐺
2
(𝑑 − 𝑐 ) }
ℎ𝑇 𝐺 𝐺

(A.2)

ℎ
2
> 0.5 {𝑑𝑇 + 𝑐𝑇 − √ (𝑑𝑇 − 𝑐𝑇 ) − 𝐺 (𝑑𝐺 − 𝑐𝑇 ) } .
ℎ𝑇
2

And hence 𝑇-type firm’s best response belongs to the following interval:
2

[0.5 {𝑑𝑇 + 𝑐𝐺 + √ (𝑑𝑇 − 𝑐𝐺) −

ℎ𝐺
2
(𝑑 − 𝑐 ) } ,
ℎ𝑇 𝐺 𝐺

(A.3)

ℎ
2
2
0.5 {𝑑𝑇 + 𝑐𝑇 + √ (𝑑𝑇 − 𝑐𝑇 ) − 𝐺 (𝑑𝐺 − 𝑐𝑇 ) }] .
ℎ𝑇
The key question is whether (𝑐𝑇 + 𝑑𝑇 )/2 belongs to the
interval above. If yes, then 𝑇-type firm’s best response is (𝑐𝑇 +
𝑑𝑇 )/2 because it leads to maximized profits. However, if (𝑐𝑇 +
𝑑𝑇 )/2 does not belong to the interval above, then 𝑇-type firm’s
best response turns to be the floor price of the interval above,
that is, 0.5{𝑑𝑇 + 𝑐𝐺 + √(𝑑𝑇 − 𝑐𝐺)2 − (ℎ𝐺/ℎ𝑇 )(𝑑𝐺 − 𝑐𝐺)2 }.
The fact is 𝑝𝑇𝑇 = (𝑐𝑇 + 𝑑𝑇 )/2 < 0.5{𝑑𝑇 + 𝑐𝐺 +
√(𝑑𝑇 − 𝑐𝐺)2 − (ℎ𝐺/ℎ𝑇 )(𝑑𝐺 − 𝑐𝐺)2 } because of Assumption 3,
which means 𝑝𝑇𝑇 is not high enough to distinguish the 𝑇type firm from the 𝐺-type firm.
Thus, given 𝐸(𝑝∗ ), in the separating equilibrium, 𝑇type firm’s best response is 𝑝𝑇 (𝐸(𝑝∗ )) = 0.5(𝑑𝑇 +
2 ), while 𝐺-type firm’s best response is
√𝑑𝑇2 − (ℎ𝐺/ℎ𝑇 )𝑑𝐺
𝑝𝐺(𝐸(𝑝∗ )) = 𝑑𝐺/2. The definition of 𝑑V yields 𝐸(𝛿) =
𝑑𝑇 − 𝑑𝐺. Therefore 𝑝𝑇 (𝐸(𝑝∗ )) − 𝑝𝐺(𝐸(𝑝∗ )) = 0.5(𝐸(𝛿) +
2 ) > 0, which means the own-price and the
√𝑑𝑇2 − (ℎ𝐺/ℎ𝑇 )𝑑𝐺
expected rival’s price are strategic complements.

Proof of Proposition 6. Profits Π𝑢V would be maximized when
𝑝𝑢V = (𝑐𝑢 + 𝑑V )/2 and accordingly the maximum profits
max(Π𝑢V ) = ℎV (𝑑V − 𝑐𝑢 )2 /4. Since 𝑐𝑢 is an increasing function
of the true product type and 𝑑V is an increasing function of
the perceived product type, the prices 𝑝𝑢V have the following
relationship: 𝑝𝑇𝑇 > 𝑝𝐺𝑇 > 𝑝𝐺𝐺, and 𝑝𝑇𝑇 > 𝑝𝑇𝐺 > 𝑝𝐺𝐺.
Based on the fact 𝐸(𝛿𝑖 ) = 𝑑𝑇 − 𝑑𝐺 and Assumption 3, we
obtain 𝑑𝑇 − 𝑑𝐺 > 𝑐𝑇 − 𝑐𝐺 = 𝑘 and 𝑝𝐺𝑇 > 𝑝𝑇𝐺. Therefore
the prices 𝑝𝑢V are ordered as follows: 𝑝𝑇𝑇 > 𝑝𝐺𝑇 > 𝑝𝑇𝐺 >
𝑝𝐺𝐺.
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Proof of Proposition 8. Each firm plays its best response
according to its own type, given the rival’s pricing strategy.
Then based on the definition of 𝐸(𝑝∗ ) and Lemma 7, we know
the expected price 𝐸(𝑝∗ ) in the separating equilibrium is a
solution to the following equation:

Note that 𝑝𝐺(𝐸(𝑝∗ )) = 𝑑𝐺/2 = 𝑌.
Let
𝜔 ≡ {[(1 + √

𝑋 = 𝜆𝑝𝑇 (𝑋) + (1 − 𝜆) 𝑝𝐺 (𝑋)
=

1/2

ℎ
𝐸 (𝛿)
⋅ [(1 − √ 𝐺 ) 𝑌 +
]}
ℎ𝑇
2

𝜆𝑑𝑇
2
ℎ
ℎ
𝜆
+ ( ) √ (𝑑𝑇 + √ 𝐺 𝑑𝐺) (𝑑𝑇 − √ 𝐺 𝑑𝐺)
2
ℎ𝑇
ℎ𝑇
+

Substituting 𝑑𝑇 and 𝑑𝐺 into the equation above, we obtain
𝑆 + 𝜂𝑋 𝜆
𝑋=
+ 𝐸 (𝛿)
2
2
ℎ𝐺 𝑆 + 𝜂𝑋 𝐸 (𝛿)
)
+
]
ℎ𝑇
2
2

(A.5)

1/2

⋅ [(1 − √

ℎ𝐺 𝑆 + 𝜂𝑋 𝐸 (𝛿)
)
+
]}
ℎ𝑇
2
2

= √ (1 −

(A.4)

(1 − 𝜆) 𝑑𝐺
.
2

+ 𝜆 {[(1 + √

ℎ𝐺
𝐸 (𝛿)
)𝑌 +
]
ℎ𝑇
2

2
𝑆 𝜆
𝑌 ( − 1) − − 𝐸 (𝛿)
𝜂
𝜂 2

𝜉1 𝑌2 + 𝜉2 𝑌 + 𝜉3 = 0,

(A.6)

(A.8)

where 𝜉1 = (2/𝜂 − 1)2 − 𝜆2 (1 − ℎ𝐺/ℎ𝑇 ), 𝜉2 = −(4/𝜂 − 2)(𝑆/𝜂) −
𝜆(2/𝜂 − 1)𝐸(𝛿) − 𝜆2 𝐸(𝛿), and 𝜉3 = (𝑆/𝜂)𝜆𝐸(𝛿) + (𝑆/𝜂)2 .
Obviously the coefficient 𝜉2 is negative while 𝜉3 is positive.
Next we infer the sign of the coefficient 𝜉1 .
2
ℎ
2
𝜉1 = ( − 1) − 𝜆2 (1 − 𝐺 ) ,
𝜂
ℎ𝑇

(A.9)

where 𝑆 ≡ 𝛼 − 𝐸(𝛿) − 𝛾[𝛼 − (1 − 𝜆)𝐸(𝛿)]/(𝛽 + 𝜏(1 − 𝜆)2 var(𝛿)),
𝜂 ≡ 𝛾/(𝛽 + 𝜏(1 − 𝜆)2 var(𝛿)),
ℎ𝐺 =

ℎ
𝐸 (𝛿)
]
= 𝜆 {[(1 + √ 𝐺 ) 𝑌 +
ℎ𝑇
2

ℎ𝐺
𝐸2 (𝛿)
) 𝑌2 + 𝐸 (𝛿) 𝑌 +
,
ℎ𝑇
4

and then 𝑝𝑇 (𝐸(𝑝∗ )) = 𝑑𝑇 /2+𝜔 and 𝑝𝑇 (𝐸(𝑝∗ ))−𝑝𝐺(𝐸(𝑝∗ )) =
𝜔 + 𝐸(𝛿)/2 > 0.
Equation (A.6) can be written as

,

where 𝑆 ≡ 𝛼 − 𝐸(𝛿) − 𝛾[𝛼 − (1 − 𝜆)𝐸(𝛿)]/(𝛽 + 𝜏(1 − 𝜆)2 var(𝛿)),
and 𝜂 ≡ 𝛾/(𝛽 + 𝜏(1 − 𝜆)2 var(𝛿)).
Let 𝑌 ≡ (𝑆 + 𝜂𝑋)/2, then 𝑋 = (2𝑌 − 𝑆)/𝜂, and (A.5) can
be rewritten as

(A.7)

ℎ𝑇 =

𝛽 + 𝜏 (1 − 𝜆)2 var (𝛿)
[𝛽 + 𝜏 var (𝛿)] [𝛽 + 𝜏 (1 − 𝜆)2 var (𝛿)] − 𝛾2
𝛽 + 𝜏 (1 − 𝜆)2 var (𝛿)
𝛽 [𝛽 + 𝜏 (1 − 𝜆)2 var (𝛿)] − 𝛾2

,
(A.10)

.

1/2

ℎ
𝐸 (𝛿)
⋅ [(1 − √ 𝐺 ) 𝑌 +
]}
ℎ𝑇
2

Obviously 𝜉1 is the decreasing function of 𝜆 under the
assumption of 𝛽 > 𝛾.

.

2
2
min 𝜉1 = 𝜉1 | (𝜆 = 0) = ( − 1) > 0,
𝜂
2

4𝛽 (𝛽 + 𝛾) (𝛽 − 𝛾) + 𝛾2 (𝛽 + 𝛾) (𝛽 − 𝛾) + 4𝛽2 𝜏 var (𝛿) (𝛽 − 𝛾)
max 𝜉1 = 𝜉1 | (𝜆 = 1) =
> 0,
𝛾2 {𝛽 [𝛽 + 𝜏 var (𝛿)] − 𝛾2 }

and hence 𝜉1 > 0. According to 𝜉1 > 0, 𝜉2 < 0, and 𝜉3 > 0, we
infer that (A.8) has two positive roots.
𝑌∗
=

(4/𝜂 − 2) (𝑆/𝜂) + 𝜆 (2/𝜂 − 1) 𝐸 (𝛿) + 𝜆2 𝐸 (𝛿)
2

2 [(2/𝜂 − 1) − 𝜆2 (1 − ℎ𝐺/ℎ𝑇 )]

(A.11)
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±

√[(4/𝜂 − 2) (𝑆/𝜂) + 𝜆 (2/𝜂 − 1) 𝐸 (𝛿) + 𝜆2 𝐸 (𝛿)]2 − 4 [(2/𝜂 − 1)2 − 𝜆2 (1 − ℎ𝐺/ℎ𝑇 )] [(𝑆/𝜂) 𝜆𝐸 (𝛿) + (𝑆/𝜂)2 ]
2

2 [(2/𝜂 − 1) − 𝜆2 (1 − ℎ𝐺/ℎ𝑇 )]

,

(A.12)
holds if (𝑝𝑇 − 𝑝𝐺 − 𝐸(𝛿))/𝑝𝐺 > 1 − ℎ𝐺/ℎ𝑇 ; 𝑄𝑇 > 𝑄𝐺 holds if
(𝑝𝑇 − 𝑝𝐺 − 𝐸(𝛿))/𝑝𝐺 < 1 − ℎ𝐺/ℎ𝑇 .

where
𝑆 ≡ 𝛼 − 𝐸 (𝛿) −
𝛾

𝜂≡

𝛾 [𝛼 − (1 − 𝜆) 𝐸 (𝛿)]
,
𝛽 + 𝜏 (1 − 𝜆)2 var (𝛿)

𝛽 + 𝜏 (1 − 𝜆)2 var (𝛿)
ℎ
1− 𝐺
ℎ𝑇
=

,
(A.13)

𝜏 var (𝛿) [𝛽 + 𝜏 (1 − 𝜆)2 var (𝛿)]
[𝛽 + 𝜏 var (𝛿)] [𝛽 + 𝜏 (1 − 𝜆)2 var (𝛿)] − 𝛾2

.

We can derive 𝜔 according to the fact 𝜔

=

√(1 − ℎ𝐺/ℎ𝑇 )𝑌2 + 𝐸(𝛿)𝑌 + 𝐸2 (𝛿)/4. We noted above
that 𝑝𝐺(𝐸(𝑝∗ )) = 𝑑𝐺/2 = 𝑌 and 𝑝𝑇 (𝐸(𝑝∗ )) = 𝑑𝑇 /2 + 𝜔 =
𝑌 + 𝜔 + 𝐸(𝛿)/2. And hence the equilibrium prices of GM food
and conventional food are 𝑝𝐺 = 𝑌∗ and 𝑝𝑇 = 𝑌∗ +𝜔∗ +𝐸(𝛿)/2,
respectively. The price of conventional food is significantly
higher than that of GM food in terms of separating
equilibrium, and additionally the price gap between the
traditional food and GM food is positively correlated to the
expected net potential damage 𝐸(𝛿) because of the positive
correlation between 𝜔∗ and 𝐸(𝛿).
Therefore there exist two different separating perfect
Bayesian equilibriums consisting of a pair of prices (𝑃𝐺, 𝑃𝑇 )
with 𝑃𝐺 < 𝑃𝑇 and supporting beliefs 𝐵(𝑝∗ ), with 𝐵(𝑝∗ ) = 1 if
𝑝 ≥ 𝑃𝑇 , and 𝐵(𝑝∗ ) = 0 if 𝑝 < 𝑃𝑇 .
Proof of Proposition 9. In the separating perfect Bayesian
equilibrium, two firms’ quantities are 𝑄𝐺 = ℎ𝐺𝑌∗ and 𝑄𝑇 =
ℎ𝑇 (𝑑𝑇 − 𝑝𝑇 ) = ℎ𝑇 (𝑌∗ + 𝐸(𝛿)/2 − 𝜔∗ ), respectively. 𝑄𝑇 /𝑄𝐺 =
(ℎ𝑇 (𝑌∗ + 𝐸(𝛿)/2 − 𝜔∗ )/ℎ𝐺𝑌∗ )(𝐸(𝛿)/2) − 𝜔∗ < 0, ℎ𝐺/ℎ𝑇 <
1, and hence the sign of (𝑄𝑇 /𝑄𝐺 − 1) depends on (𝜔∗ −
0.5𝐸(𝛿))/𝑌∗ and (1−ℎ𝐺/ℎ𝑇 ). 𝑄𝑇 < 𝑄𝐺 holds if (𝜔∗ −0.5𝐸(𝛿))/
𝑌∗ > 1 − ℎ𝐺/ℎ𝑇 ; 𝑄𝑇 > 𝑄𝐺 holds if (𝜔∗ − 0.5𝐸(𝛿))/𝑌∗ < 1−
ℎ𝐺/ℎ𝑇 . According to the proof of Proposition 8, we know the
equilibrium prices of GM food and conventional food are
𝑝𝐺 = 𝑌∗ and 𝑝𝑇 = 𝑌∗ + 𝜔∗ + 𝐸(𝛿)/2, respectively. It means
that, in the separating perfect Bayesian equilibrium, 𝑄𝑇 < 𝑄𝐺

𝑌∗ =

Proof of Proposition 10. In the equilibrium, two firms’ profits
are Π𝑇 = (𝑌∗ + 𝐸(𝛿)/2 + 𝜔∗ − 𝑘)ℎ𝑇 (𝑌∗ + 𝐸(𝛿)/2 − 𝜔∗ ) and
Π𝐺 = ℎ𝐺(𝑌∗ )2 , respectively.
As for the 𝐺-type firm, obviously its profit (Π𝐺) is an
increasing function of 𝑌∗ or the price of GM food since 𝑌∗ >
0 and 𝜕Π𝐺/𝜕𝑌∗ > 0 always holds. As for the 𝑇-type firm,
substitution of 𝜔∗ in terms of 𝑌∗ and simplification yield the
following form in 𝑌∗ :
Π𝑇
= (𝑌∗ +
= (1 −

𝐸 (𝛿)
𝐸 (𝛿)
+ 𝜔∗ − 𝑘) ℎ𝑇 (𝑌∗ +
− 𝜔∗ )
2
2

ℎ𝐺 2 ∗ 4
ℎ
3
) 𝑌 + 2𝐸 (𝛿) (1 − 𝐺 ) 𝑌∗
ℎ𝑇
ℎ𝑇

+ [1 + 𝐸2 (𝛿) + (
+ [𝐸 (𝛿) − 𝑘 + (
+(

ℎ
𝐸2 (𝛿)
2 (A.14)
− 𝑘) (1 − 𝐺 )] 𝑌∗
2
ℎ𝑇

𝐸2 (𝛿)
− 𝑘) 𝐸 (𝛿)] 𝑌∗
2

𝐸2 (𝛿) 𝐸 (𝛿)
𝐸2 (𝛿) 𝐸 (𝛿)
−
)(
+
− 𝑘) .
4
2
4
2

Based on Assumption 1, we know Π𝑇 increases as 𝑌∗ since
𝑌 > 0 and 𝜕Π𝑇 /𝜕𝑌∗ > 0 always holds. Hence, the profits of
the 𝐺-type firm and the 𝑇-type firm are both monotonically
increasing in the price of GM food.
∗

Proof of Proposition 11. Although (A.8) has two positive roots,
which one is the optimal solution? The answer depends on the
profits and the basic utility 𝛼.
Proposition 10 shows the profits functions of the 𝐺-type
firm and the 𝑇-type firm both monotonically increase as the
price of GM food. Therefore, in terms of the principle of
maximizing profits, the bigger 𝑌∗ is the optimal solution; that
is,

(4/𝜂 − 2) (𝑆/𝜂) + 𝜆 (2/𝜂 − 1) 𝐸 (𝛿) + 𝜆2 𝐸 (𝛿)
2

2 [(2/𝜂 − 1) − 𝜆2 (1 − ℎ𝐺/ℎ𝑇 )]
+

√[(4/𝜂 − 2) (𝑆/𝜂) + 𝜆 (2/𝜂 − 1) 𝐸 (𝛿) + 𝜆2 𝐸 (𝛿)]2 − 4 [(2/𝜂 − 1)2 − 𝜆2 (1 − ℎ𝐺/ℎ𝑇 )] [(𝑆/𝜂) 𝜆𝐸 (𝛿) + (𝑆/𝜂)2 ]
2

2 [(2/𝜂 − 1) − 𝜆2 (1 − ℎ𝐺/ℎ𝑇 )]

And hence the separating perfect Bayesian equilibrium
consisting of a pair of the larger prices (𝑃𝐺∗ , 𝑃𝑇∗ ) is the first-best

(A.15)
.

solution if 𝑃𝐺∗ < 𝑃𝑇∗ < 𝛼, while the smaller prices (𝑃𝐺∗ , 𝑃𝑇∗ ) are
the first-best solution if 𝑃𝑇∗ ≥ 𝑃𝐺∗ ≥ 𝛼.
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Next we prove the larger 𝑃𝐺∗ ≥ 𝛼 holds if 𝛾 is small enough.
Obviously the smaller 𝑃𝐺∗ is smaller than ((4/𝜂 − 2)(𝑆/𝜂) +
𝜆(2/𝜂 − 1)𝐸(𝛿) + 𝜆2 𝐸(𝛿))/2[(2/𝜂 − 1)2 − 𝜆2 (1 − ℎ𝐺/ℎ𝑇 )], while
the larger 𝑃𝐺∗ is larger than ((4/𝜂 − 2)(𝑆/𝜂) + 𝜆(2/𝜂 − 1)𝐸(𝛿) +
𝜆2 𝐸(𝛿))/2[(2/𝜂 − 1)2 − 𝜆2 (1 − ℎ𝐺/ℎ𝑇 )].
Since 𝑆 can be rewritten as 𝛼−𝐸(𝛿)−𝜂[𝛼−(1−𝜆)𝐸(𝛿)] and
1 − ℎ𝐺/ℎ𝑇 can be expressed as 𝜏 var(𝛿)/([𝛽 + 𝜏 var(𝛿)] − 𝜂𝛾),
(4/𝜂 − 2)(𝑆/𝜂) + 𝜆(2/𝜂 − 1)𝐸(𝛿) + 𝜆2 𝐸(𝛿)/2[(2/𝜂 − 1)2 − 𝜆2 (1 −
ℎ𝐺/ℎ𝑇 )] will be equal to ((2 − 3𝜂 + 𝜂2 )𝛼 + [3𝜂 − 𝜆𝜂 − 2 − 𝜂2 (1 +
𝜆/2+𝜆2 /2)]𝐸(𝛿))/𝜂2 [(2/𝜂−1)2 −𝜆2 (𝜏 var(𝛿)/((𝛽+𝜏 var(𝛿))−
𝜂𝛾))] ≡ Ψ. When the degree of product substitution 𝛾 is small
enough (i.e., the difference between the conventional food
and GM food is large enough), we can obtain 𝜂 → 0 and
hence the numerator of Ψ converges to 2(𝛼 − 𝐸(𝛿)) and the
denominator converges to 0. Therefore Ψ → ∞. Therefore
the larger 𝑃𝐺∗ > Ψ > 𝛼 holds when the difference between the
conventional food and GM food is large enough.
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Although the safe consumption of goods such as food products, medicine, and vaccines is related to their freshness, consumers
frequently understand less than suppliers about the freshness of goods when they purchase them. Because of this lack of information,
apart from sales prices, consumers refer only to the manufacturing and expiration dates when deciding whether to purchase and
how many of these goods to buy. If dealers could determine the sales price at each point in time and customers’ intention to
buy goods of varying freshness, then dealers could set an optimal inventory cycle and allocate a weekly sales price for each point
in time, thereby maximizing the profit per unit time. Therefore, in this study, an economic order quality model was established
to enable discussion of the optimal control of sales prices. The technique for identifying the optimal solution for the model was
determined, the characteristics of the optimal solution were demonstrated, and the implications of the solution’s sensitivity analysis
were explained.

1. Introduction
Previous studies have demonstrated the relevance of food
freshness and consumer utility. Although consumers judge
food freshness through the senses [1–4] and through labels
containing information on the manufacture and expiration date, the freshness information available to consumers
remains asymmetrical. This asymmetry usually originates
from how retailers perform (1) fresh food replenishment and
(2) relabeling. When retailers replenish their goods, their
shelves contain the same goods with differing expiration
dates, and the retailers’ clever arrangement and stacking of
the goods render consumers more likely to access those with
closer expiration dates. In practice, retailers offer discounts
on fresh goods with closer expiration dates, thus requiring the goods to be relabeled. Many supermarkets employ
fixed percentage labeling (such as 20% discounts) to affect
consumers’ purchase behaviors. However, the relabeling of
fresh goods may involve human error factors (even tampering
with expiration dates). Therefore, numerous supermarkets in
Europe, the United States, and Japan employ label management models containing expiration dates based on the label

dates and solar dates, although this also leads to freshness
information gaps between consumers and retailers. In addition, some chain retailers adopt the same price discounts
for expiring fresh goods (e.g., Taiwan’s PX Mart supermarket
chain offering 20% discounts for expiring fresh goods) while
overlooking various factors relating to consumers’ demands
for goods with differing expiration dates (degree of freshness). This practice is clearly inappropriate. Such neglect has
a significant impact on consumers’ price discrimination and
retailers’ expected profits [5, 6]. If dealers can determine the
sales price at each point in time and customers’ intention to
buy food of varying freshness, then dealers can set an optimal
inventory cycle and allocate a weekly sales price for each point
in time, thereby maximizing the profit per unit time.
The research frameworks for studying the inventory
optimization problems of fresh (or perishable) goods tend to
be highly complex because the freshness of goods affects consumer utility and thus their demands. The earliest literature
review on the inventory model for deteriorating items was a
review of inventory models for perishable goods conducted
by Nahmias [7], which was expanded by Goyala and Giri [8].
Literature reviews published from 2011 to 2016 have treated
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fresh (or perishable) goods as a distinct classification and
examined relevant research. For detailed literature reviews
on the inventory model for deteriorating items, see Nahmias
[9], Karaesmen et al. [10], Bakker et al. [11], and Janssen et
al. [12]. This study avoided repeating these previous works
and instead focused on a deeper exploration of the problems
involved in fresh goods inventories.
The traditional economic order quantity (EOQ) model
was designed to solve the problem encountered by buy-in
and sell-out dealers, who determine the inventory standard
of goods at the beginning of each period in response to the
given demand rate of goods, thereby minimizing the cost per
unit time. To expand the applications of the conventional
EOQ model, various types of extended inventory models
have been developed by inventory management scholars
in recent years in their studies on fresh (or perishable)
goods inventories. According to loosened assumptions, these
extended models (some of which can be categorized as hybrid
models comprising more than one type) can be divided into
the following types.
Type 1. The assumption of the traditional EOQ model has
been relaxed from “the demand rate is a given constant” to
“the demand rate varies according to time” [13–32].
Type 2. The assumption of the traditional EOQ model has
been changed from “goods are nondegenerative” to “goods
are degenerative goods (e.g., petroleum and other volatile
products) that decrease in volume over time even when
unsold” [33–36]. Since 2010, an increasing number of studies
on deteriorating goods inventory have focused on fresh
(perishable) goods whose quality deteriorates over time [25,
37–48].
Type 3. The assumption of the traditional EOQ model has
been changed from “the unit prices of the goods acquired
(purchased) by dealers are a fixed constant” to “unit prices
may be affected by lot size owing to volume discounts” [14,
49–56].
Type 4. The assumption of the traditional EOQ model has
been relaxed from “sales prices are a given constant (fixed
demand rate)” to “sales prices are a decision variable for
dealers” [25, 38, 50, 57–73].
Numerous inventory models for fresh (or perishable)
goods have been proposed in the past 20 years, with pricing
problems being one of the most extensively researched topics
in the past 10 years. Most research on pricing problems has
concentrated on discount optimization; only a few scholars
have specifically studied dynamic price optimization, and
most of which studies have been conducted in the past 56 years [25, 38, 67–73]. In this study, goods dealers were
assumed to possess the opportunity and capability to determine sales prices at each point in time (sales prices are the
decision variable for goods dealers). This assumption supports the Type 4 EOQ model, which posits that dealers may
decide the sales prices at each point in time, in comparison to
the traditional model that states dealers may determine only
one sales price standard.
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2. Mathematical Model
2.1. Parameters
𝑒: time at which goods expire. Specifically, 𝑒 represents
the duration from the time of goods purchase (𝑡 = 0)
to the time of their expiration.
ℎ: storage cost of a unit of goods within a unit time.
𝑐: purchase price of a unit of goods.
𝐴: setup cost.
2.2. Given Functions
𝑑 = 𝑑(𝑝(𝑡)): the potential demand rate for goods as
reflected by customer reaction to the sales price 𝑝,
where 𝑑(𝑝(𝑡)) > 0. A potential demand rate indicates
the demand rate for goods when customers became
aware of the sales price 𝑝(𝑡) at the point in time 𝑡 but
are not aware of or have not considered the expiration
time 𝑒. In this study, a linear function of the sales price
𝑝(𝑡) at the point in time 𝑡 was established as follows:
𝑑 (𝑝 (𝑡)) = 𝑎 − 𝑏𝑝 (𝑡) ,

𝑎
𝑝 (𝑡) ∈ [0, ] .
𝑏

(1)

𝑎: maximal limit of the potential demand rate, where
𝑎 > 0.
𝑎/𝑏: maximal limit of 𝑝(𝑡). This means that, at the
point of time 𝑡,
when 𝑝 (𝑡) decreases to zero, 𝑑 (𝑝 (𝑡)) increases to 𝑎
when 𝑝 (𝑡) increases to

(2)
𝑎
, 𝑑 (𝑝 (𝑡)) decreases to zero.
𝑏

𝑟 = 𝑟(𝑡): the intentions of consumers to purchase
goods when consumers enter the place of sale at point
in time 𝑡, learn about the sales price 𝑝(𝑡), become
potential demanders for the goods, and find that the
remaining time until the goods’ expiration is (𝑒 − 𝑡).
In particular, 𝑟(𝑡) ∈ [0, 1] is the linear decreasing
function of 𝑡, 𝑡 ∈ [0, 𝑒), and satisfies 𝑟(0) = 1 and
𝑟(𝑡) = 0, ∀𝑡 ≥ 𝑒.
Thus
𝑒−𝑡
{
,
𝑟 (𝑡) = { 𝑒
{0,

when 𝑡 ∈ [0, 𝑒)
when 𝑡 ≥ 𝑒.

(3)

2.3. Decision Variables
𝑝 = 𝑝(𝑡): sales price at the point in time 𝑡, where
𝑝(𝑡) ∈ [0, 𝑎/𝑏], ∀𝑡.
𝑥 = 𝑥(𝑡): inventory standard at 𝑡, where 𝑥(𝑡) is
the decreasing function of 𝑡 in the inventory period
[0, 𝑇𝑥 ] corresponding to 𝑥, and 𝑥(𝑇𝑥 ) = 0.
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𝑇𝑥 : duration of the inventory cycle corresponding to
the dealer decision variable 𝑥. Because 𝑒 represents
the expiration time of the goods, 𝑇𝑥 corresponding
to the target function 𝑥 must fulfill the following
inequality:
𝑇𝑥 ≤ 𝑒.

(4)

𝐿 𝑥 : per unit time profit of the dealer’s decision
variable 𝑥 corresponding to the inventory cycle 𝑇𝑥 ;
that is,
𝐿𝑥

(5)

1
=
[dealer’s profit within one inventory cycle 𝑇𝑥 ] .
𝑇𝑥

−𝑥 (𝑡): sales rate of the goods corresponding to 𝑥 at
the point in time 𝑡.

max
𝑥

s.t.

𝐿 (𝑥) =

From (1) and (3), the following is obtained:
−𝑥 (𝑡) = 𝑑 (𝑝 (𝑡)) ⋅ 𝑟 (𝑡) = (𝑎 − 𝑏𝑝 (𝑡)) ⋅

𝑒−𝑡
.
𝑒

(6)

Because 𝑝(𝑡) ∈ [0, 𝑎/𝑏], the following can be obtained from
the preceding equation:
−𝑥 (𝑡) 𝑒
= 𝑎 − 𝑏𝑝 (𝑡) ∈ [0, 𝑎] ,
𝑒−𝑡

∀𝑡 ∈ [0, 𝑇𝑥 ] .

(7)

From (7), the following can be obtained:
𝑝 (𝑡) =

𝑒𝑥 (𝑡)
𝑎
+ , 𝑡 ∈ [0, 𝑇𝑥 ] ≤ [0, 𝑒] .
𝑏 (𝑒 − 𝑡) 𝑏

(8)

Through (7) and (8), the mathematical model that dealers
can use to determine the decision variable 𝑥 to maximize
the profit per unit time corresponding to 𝑥 is established as
follows:

𝑇𝑥
1
𝑒𝑥 (𝑡)
𝑎
{[∫ (
+ ) (−𝑥 (𝑡)) − ℎ𝑥 (𝑡)] 𝑑𝑡 − 𝑐𝑥 (0) − 𝐴} .
𝑇𝑥
𝑏
−
𝑡)
𝑏
(𝑒
0

𝑥 (𝑡) exists as the continuous function of [0, 𝑇𝑥 ] ;

(9)



−𝑥 (𝑡) 𝑒
∈ [0, 𝑎] , ∀𝑡 ∈ [0, 𝑇𝑥 ] ; 𝑥 (𝑇𝑥 ) = 0; 𝑥 (0) exhibits f reedom
𝑒−𝑡
(that is 𝑥 (0) varies according to the feasible solution 𝑥)

3. Optimal Solution of Model (9)
Assume 𝑥∗ = 𝑥∗ (𝑡), 𝑡 ∈ [0, 𝑇𝑥∗ ] is the optimal solution of
(9). The required conditions of 𝑥 are obtained in the following
procedures.
𝑇𝑥 corresponding to the feasible solution 𝑥 = 𝑥(𝑡) in (9)
must fulfill the following inequality:
𝑝 (𝑇𝑥 ) − (𝑐 + 𝑇𝑥 ℎ) ≥ 0.

(10)

If [𝑝(𝑇𝑥 ) − (𝑐 + 𝑇𝑥 ℎ)] < 0, then dealers can reduce the initial
amount of purchase at 𝑡 = 0 and shorten the inventory cycle
𝑇𝑥 , thereby maximizing the profit.

𝐿 𝑇 = max
𝑥

s.t.

Because the objective function of (10) is exceptional
(the integral value must be divided by 𝑇𝑥 ) and the feasible
solution must fulfill the constraint that −𝑥 (𝑡)𝑒/(𝑒 − 𝑡) ∈
[0, 𝑎], ∀𝑡 ∈ [0, 𝑇𝑥 ], (9) becomes a nonstandard calculus of
variation problem. Identifying the conditions required for
the optimal solution to this problem is the focus of this
section.
To solve (9), it was divided into two problems, namely,
(11) and (13). Given the 𝑇 value, let 𝑥𝑇 (𝑡) be the optimal
solution of (11) and 𝐿 𝑇 the target value of the optimal solution;
that is,

𝑇
1
𝑒𝑥 (𝑡)
𝑎
{[∫ (
+ ) (−𝑥 (𝑡)) − ℎ𝑥 (𝑡)] 𝑑𝑡 − 𝑐𝑥 (0) − 𝐴}
𝑇
𝑏 (𝑒 − 𝑡) 𝑏
0

𝑥 (𝑡) exists as the continuous function of [0, 𝑇] ;


−𝑥 (𝑡) 𝑒
∈ [0, 𝑎] , ∀𝑡 ∈ [0, 𝑇] ; 𝑥 (𝑇) = 0; 𝑥 (0) exhibits f reedom;
𝑒−𝑡
and 𝑇 value is given.

(11)

4
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Let 𝑥𝑇 (𝑡) be the optimal solution of (11); the difference
between (9) and (11) is as follows: the period of a cycle in the
feasible solutions 𝑥 to problem (11) equals the given 𝑇 value,
and the function 𝑥𝑇 (𝑡) and target value 𝐿 𝑇 of the optimal
solution vary according to the given 𝑇 value. If the given 𝑇
value in (11) is applied as the period 𝑇∗ of the function 𝑥∗ (𝑡)
of the optimal solution to (9) (let 𝑇 = 𝑇∗ , and substitute it
into (11)), as seen, the optimal solution of (9) will also be the
optimal solution of (11); that is,
𝑥𝑇∗ (𝑡) = 𝑥∗ (𝑡) ,

∀𝑡 ∈ [0, 𝑇∗ ] .

𝐿 𝑇 = max
𝑥
s.t.

(12)

Compared with (9) and (11), (12) can be employed to obtain
𝑇 as the optimal solution to (13):
𝐿 𝑇∗ = max 𝐿 𝑇 .

(13)

𝑇

because (11) involves the constraint −𝑥 (𝑡)𝑒/(𝑒 − 𝑡) ∈
[0, 𝑎], ∀𝑡 ∈ [0, 𝑇𝑥 ], such that (11) is still a nonstandard
calculus of variation problem. Therefore, this constraint was
neglected temporarily, and the following standard calculus of
variation problem (14) was considered.

𝑇
1
𝑒𝑥 (𝑡)
𝑎
{[∫ (
+ ) (−𝑥 (𝑡)) − ℎ𝑥 (𝑡)] 𝑑𝑡 − 𝑐𝑥 (0) − 𝐴}
𝑇
𝑏 (𝑒 − 𝑡) 𝑏
0

(14)

𝑥 (𝑡) exists as the continuous function of [0, 𝑇𝑥 ] ; 𝑥 (𝑇) = 0;
𝑥 (0) exhibits f reedom, and the 𝑇 value is given.

Applying the existing theory of calculus of variations to
this type of problem [74] yields the optimal solution to (14)
labeled as 𝑥̂𝑇 (𝑡). The following conditions must be fulfilled.
The condition of the Euler equation:
−ℎ =

𝑎
𝑑
−2𝑒
[
⋅ 𝑥̂ (𝑡) − ] .
𝑑𝑡 𝑏 − (𝑒 − 𝑡) 𝑇
𝑏

+

∀𝑡 ∈ [0, 𝑇] .
(20)

(15)
By partial integration,

The condition of 𝑥(0) as a target salvage value:
𝑎
−2 
⋅ 𝑥̂𝑇 (0) − + 𝑐 = 0,
𝑏
𝑏

∀𝑡 ∈ [0, 𝑇] .

𝑎
2𝑒
⋅ 𝑥̂ (𝑡) + , ∀𝑡 ∈ [0, 𝑇] .
𝑏 (𝑒 − 𝑡) 𝑇
𝑏

(16)

𝑥̂𝑇 (𝑡) =

𝑏 𝑎
[ − 𝑐 − ℎ𝑡 + (𝑒 − 𝑡) ℎ] ≥ 0.
2𝑒 𝑏

(17)

0

(21)

0

Using (21) and applying (19) into the objective function (11)
yield the following:

(18)

𝑒𝑥 (𝑡) 𝑎
1 𝑇
+ ) (−𝑥 𝑇 (𝑡)) − ℎ𝑥 (𝑡)] 𝑑𝑡
∫ [( 𝑇
𝑇 0
𝑏 (𝑒 − 𝑡) 𝑏

− 𝑐𝑥 (0) − 𝐴

(19)

=

𝑇
𝑒𝑥 (𝑡) 𝑎
1
[∫ ( 𝑇
+ − 𝑐 − ℎ𝑡) (−𝑥 𝑇 (𝑡)) 𝑑𝑡
𝑇 0 𝑏 (𝑒 − 𝑡) 𝑏

− 𝐴] ;
=

=

using (17)

𝑇
1
ℎ𝑡 + 𝑐 − 𝑎/𝑏 𝑎
[∫ (
+ − 𝑐 − ℎ𝑡)
𝑇 0
2
𝑏

⋅

𝑥𝑇 (𝑡) = 𝑥̂𝑇 (𝑡)
−𝑏
𝑎
𝑎
𝑡2
𝑡3
[( − 𝑐) 𝑒𝑡 − ( − 𝑐 + ℎ𝑒) + ℎ ]
2𝑒
𝑏
𝑏
2
3

0

− 𝑐𝑥 (0) is written as ∫ 𝑥 𝑇 (𝑡) 𝑑𝑡.

𝐿𝑇 =

Because the set of feasible solutions for (14) includes
those for (11), the feasible solutions 𝑥 for (11) are also feasible
solutions for (14). However, the feasible solutions for (14)
may not necessarily be those for (11). Therefore, the optimal
solution 𝑥̂𝑇 to (18) has been verified to also be the optimal
solution 𝑥̂𝑇 to (11).
Integrating (17) and using 𝑥𝑇 (𝑇) = 0 yield the following:

=

𝑇

𝑇

Using (2), (10), and (17), the following is obtained:
−𝑥̂𝑇 (𝑡) ⋅ 𝑒 𝑏 𝑎
= ( − 𝑐 − ℎ𝑡) ∈ [0, 𝑎] , ∀𝑡 ∈ [0, 𝑇] .
𝑒−𝑡
2 𝑏

𝑇

∫ −ℎ𝑥𝑇 (𝑡) 𝑑𝑡 is written as ∫ ℎ𝑡𝑥 𝑇 (𝑡) 𝑑𝑡;

Integrating 𝑡 with (15) and using (16) yield the following
formula:
ℎ𝑡 + 𝑐 =

𝑎
𝑏 𝑎
𝑇2
𝑡3
[ (−𝑐) 𝑒𝑇 − ( − 𝑐 + ℎ𝑒)
+ ℎ ],
2𝑒 𝑏
𝑏
2
3

𝑏 (𝑒 − 𝑡) 𝑎
( − 𝑐 − ℎ𝑡) 𝑑𝑡 − 𝐴]
2𝑒
𝑏

𝑇
2
𝑎
𝑏
1
[∫
(𝑒 − 𝑡) ( − 𝑐 − ℎ𝑡) 𝑑𝑡 − 𝐴] .
𝑇 0 4𝑒
𝑏

(22)
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Figure 1: The optimal inventory cycle 𝑇 .

From (22), the optimal solution 𝑇∗ to (13) is acquired. The
following conditions must be satisfied (see Appendix A for
details):
0=


2
𝑑
𝑏
𝑎

∗
∗
𝐿 𝑇  =
(𝑒
−
𝑇
)
(
)
−
𝑐
−
ℎ𝑇
𝑑𝑇 𝑇∗ 4𝑒𝑇∗
𝑏

Figure 1 depicts 𝑇∗ for (23).
Next, (12), (18), and (20) can be used to obtain the optimal
solution 𝑥∗ of (9):
𝑥∗ (𝑡) =

∗

−

𝑇
2
𝑎
𝑏
1
−
𝑡)
×
(
[∫
𝑑𝑡 − 𝐴]
−
𝑐
−
ℎ𝑡)
(𝑒
2
𝑏
𝑇∗
0 4𝑒

=

𝑇∗
1
∗
[𝑇
(1
−
)
𝑒
4𝑇∗ 2

2



𝑥∗ (𝑡) =

∗

(26)

𝑡 ∈ [0, 𝑇∗ ]

(23)
𝑎
−𝑏
(𝑒 − 𝑡) ( − 𝑐 − ℎ𝑡) ,
2𝑒
𝑏

𝑡 ∈ [0, 𝑇∗ ] .

(27)

From (27) and (8), the optimal price 𝑝∗ (𝑡) can be obtained:

2
𝑎
− √𝑏 ⋅ 𝑐 − √𝑏 ⋅ ℎ𝑡) 𝑑𝑡 + 4𝐴] ,
×(
√𝑏

𝑝∗ (𝑡) =


2
𝑑
𝑏
𝑎

∗
∗
𝐿 𝑇  =
[(𝑒
−
2𝑇
)
(
)
−
𝑐
−
ℎ𝑇
𝑑𝑇2 𝑇∗ 4𝑒𝑇∗ 2
𝑏
2

2
𝑎
+ 𝑇∗ (𝑒 − 𝑇∗ ) × (−2ℎ) ( − 𝑐 − ℎ𝑇∗ ) − (𝑒 − 𝑇∗ )
𝑏
2
𝑎
−𝑏 ∗ 𝑎
⋅ ( − 𝑐 − ℎ𝑇∗ ) ] =
𝑇 ( − 𝑐 − ℎ𝑇∗ )
𝑏
𝑏
4𝑒𝑇∗ 2

3

𝑎
𝑇∗ − 𝑡2
𝑇∗ − 𝑡3
− ( − 𝑐 + ℎ𝑒)
+ℎ⋅
],
𝑏
2
3

2
𝑇
𝑡
𝑎
− √𝑏 ⋅ 𝑐 − √𝑏 ⋅ ℎ𝑇∗ ) − ∫ (1 − )
⋅(
√𝑏
𝑒
0

(24)

𝑎
⋅ [( − 𝑐 − ℎ𝑇∗ ) + 2ℎ (𝑒 − 𝑇∗ )]
𝑏

1 𝑎
( + 𝑐 + ℎ𝑡) , 𝑡 ∈ [0, 𝑇∗ ] .
2 𝑏

(28)

Problem (28) indicates that the initial optimal sales price for a
favorable 𝑝∗ (0) is (1/2)(𝑎/𝑏+𝑐); the initial unit profit, 𝑝∗ (0)−
𝑐, is (1/2)(𝑎/𝑏 − 𝑐).
Problem (26) reveals that if changes in some of the
parameters cause 𝑇∗ and 𝑥∗ (0) to change, then the rate of
change for these two parameters is expressed as follows:
𝑑𝑥∗ (0)
𝑑𝑇∗

≤ 0.

As (2) and (10) reveal, 𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ≥ 0; (4) indicates that
𝑒 − 𝑇∗ ≥ 0. Therefore, (24) confirms that
2

𝑑

𝐿  ∗ ≤ 0.
𝑑𝑇2 𝑇 𝑇

𝑏
𝑎
[( − 𝑐) ⋅ 𝑒 (𝑇∗ − 𝑡)
2𝑒
𝑏

(25)

This process indicates the following.
𝑇∗ satisfying the first-order conditions of the optimal
solutions in (23) must also satisfy the second-order conditions of the optimal solutions in (25).

=

𝑏ℎ ∗ 2
𝑎/𝑏 − 𝑐
𝑎/𝑏 − 𝑐
[𝑇 + (
+ 𝑒) 𝑇∗ +
⋅ 𝑒]
2𝑒
ℎ
ℎ

=

𝑎/𝑏 − 𝑐
𝑏ℎ

(𝑇∗ −
) (𝑇∗ − 𝑒) = −𝑥∗ (𝑇∗ ) > 0.
2𝑒
ℎ

(29)

This function illustrates that the rate of change of the
initial inventory standard 𝑥∗ (0) at the beginning of the
inventory cycle of the goods to the optimal inventory period
𝑇∗ is equal to the sales rate of the goods at the end of the
inventory cycle −𝑥∗ (𝑇).

6
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Figure 2: Effect of the increase in 𝑒 on 𝑇∗ .

4. Sensitivity Analysis of the Optimal
Solution 𝑥∗ =𝑥∗ (𝑡)
If the sensitivity analysis result of 𝑇∗ from (26), (27), and
(28) is obtained, then the sensitivity analysis result of the
optimal inventory function, 𝑥∗ (𝑡), and the optimal sales price
function, 𝑝∗ (𝑡), can be acquired.
4.1. Effect of Changes in 𝐴 on 𝑇∗ . As shown in Figure 1, when
𝐴 increases, the area of BCD increases, and the curves in the
figure remain unchanged. Thus, 𝑇∗ increases. Therefore,
𝜕𝑇∗
> 0.
𝜕𝐴

(30)

However, 𝑇∗ is labeled as 𝑇∗ (𝐴) because it varies according to 𝐴 in (24). Partially differentiating 𝐴 with (24) yields the
following formula:
2
𝜕𝑇∗
𝑎
1
−1
− √𝑏𝑐 − √𝑏ℎ𝑇∗ ) ⋅
= 4𝑇∗ [(
√𝑏
𝜕𝐴
𝑒

𝑇∗
𝑎
+ (1 −
− √𝑏𝑐 − √𝑏ℎ𝑇∗ ) √𝑏ℎ]
) × 2(
√𝑏
𝑒

−1

(31)

> 0.

4.2. Effect of Changes in 𝑒 on 𝑇∗ . Partially differentiating 𝑒
with (23) yields the following formula (see Appendix B for
details):
𝜕𝑇∗

= 𝑇∗ (𝑒)
𝜕𝑒
𝑇∗

=
=

2

1/𝑒 ∫0 [𝑇∗ (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) − 𝑡 (𝑎/𝑏 − 𝑐 − ℎ𝑡)2 ] 𝑑𝑡
𝑇∗ (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) [(𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) + 2ℎ (𝑒 − 𝑇∗ )]

(32)

2
1 𝑎
𝑎/𝑏 − 𝑐 − ℎ𝑇∗
( − 𝑐 − ℎ𝑇∗ ) (6𝑇∗ +
)
12 𝑏
ℎ

× (2𝑇∗ −

𝑎/𝑏 − 𝑐 − ℎ𝑇∗
(𝑎/𝑏 − 𝑐)4
.
)+
ℎ
12ℎ2

(33)

The incorporation of (32) and (33) verifies that 𝜕𝑇∗ /𝜕𝑒 >
0. In Scenario (1), assume that 𝑇∗ is shown at the 𝐺 point in
Figure 2. The numerator of (32) is larger than zero; therefore,
𝜕𝑇∗ /𝜕𝑒 > 0. In Scenario (2), assume that 𝑇∗ is shown at the
𝐻 point in Figure 2. Then, (33) reveals that 𝜕𝑇∗ /𝜕𝑒 > 0.
4.3. Effect of Changes in ℎ on 𝑇∗ . By partially differentiating ℎ
with (23), the following formula is obtained (see Appendix C
for details):

𝑇∗

∗

𝑇 (ℎ) =

−2 ∫0 [𝑇∗ (𝑒 − 𝑇∗ ) (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) − 𝑡 (𝑒 − 𝑡) (𝑎/𝑏 − 𝑐 − ℎ𝑡)] 𝑑𝑡
𝑇∗ (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ )2 + 2𝑇∗ (𝑒 − 𝑇∗ ) (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ )

> 0.

(34)

4.4. Effect of Changes in 𝑐 on 𝑇∗ . Partially differentiating 𝑐
with (23) yields the following formula (see Appendix D for
details):
𝑇∗

∗

𝑇 (𝑐) =

(𝑇∗ changes; see Figure 4).

−2 ∫0 [𝑇∗ (𝑒 − 𝑇∗ ) (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) − (𝑒 − 𝑡) (𝑎/𝑏 − 𝑐 − ℎ𝑡)] 𝑑𝑡
2ℎ𝑇∗ (𝑒 − 𝑇∗ ) (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) + 𝑇∗ (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ )2

(35)
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5. Conclusions
This study divided the inventory promotion model of fresh
goods into four categories and examined published academic
journals papers that have investigated these categories, finding that few scholars have studied the dynamic pricing of
fresh goods. The EOQ model established in this study enables
dealers to determine sales prices at each point in time after the
relationship between consumer reactions to the freshness of
the goods and purchasing intentions is determined.
The optimal inventory cycle 𝑇∗ can be obtained from (23),
and the implication of 𝑇∗ is illustrated in Figure 1. Within
the optimal inventory cycle [0, 𝑇∗ ], the optimal inventory
standard 𝑥∗ (𝑡) at 𝑡 is expressed in (26), the optimal sales rate

−𝑥∗ (𝑡) at 𝑡 is expressed in (27), and the optimal sales price
∗
𝑝 (𝑡) at 𝑡 is expressed in (28).
We also analyzed the sensitivity of the optimal solution to
changes in each variable. The results revealed the following.
(a) The optimal inventory cycle 𝑇∗ and the initial inventory
standard 𝑥∗ (0) both increased as the setup cost 𝐴 increased;
the rate of change is displayed in (31) and (29). (b) 𝑇∗ and
𝑥∗ (0) both increased as the expiration time of the goods 𝑒
increased; the rate of change is shown in (32) and (29). (c) 𝑇∗
and 𝑥∗ (0) both decreased as the inventory cost ℎ increased;
the rate of change is illustrated in (34) and (29). (d) 𝑇∗ and
𝑥∗ (0) both increased as the unit purchase price 𝑐 increased;
the rate of change is depicted in (35) and (29).
The main contribution of this research model to management is the incorporation of consumers’ demand response to
the manufacture and expiration dates (or degree of freshness)
of fresh goods. Retailers tend to have both old and new goods
on their shelves when replenishing fresh goods—that is, they
stock same goods with differing expiration dates. They may
even have differing expiration dates despite having the same
manufacture dates because of environmental factors such as
transportation and storage. Therefore, retailers can set the
prices at different time points of the goods’ shelf life instead
of adopting a straightforward price discount as in the past,
which may cause them to lose part of their expected profits.
Using the parameters to determine the rate of change for the
optimal solution can assist fresh goods retailers in conducting
immediate price control.

Appendix
A. The Necessary Condition for the Optimal
Solution 𝑇∗
From (22), the optimal solution 𝑇∗ to (13) is acquired. The
following conditions must be satisfied:

2
𝑏
𝑎
𝑑

∗
∗
𝐿 𝑇  =
(𝑒
−
𝑇
)
(
)
−
𝑐
−
ℎ𝑇
0=
𝑑𝑇 𝑇∗ 4𝑒𝑇∗
𝑏

7
𝑇∗

2
𝑎
4𝑒𝐴
]
(𝑒 − 𝑡) × ( − 𝑐 − ℎ𝑡) 𝑑𝑡 +
𝑏
𝑏

−∫

0

=

𝑇∗
1
∗
[𝑇
(1
−
)
𝑒
4𝑇∗ 2

⋅(

2
𝑎
− √𝑏 ⋅ 𝑐 − √𝑏 ⋅ ℎ𝑇∗ )
√𝑏
𝑇∗

2
𝑡
𝑎
(1 − ) × (
− √𝑏 ⋅ 𝑐 − √𝑏 ⋅ ℎ𝑡) 𝑑𝑡
√𝑏
𝑒

−∫

0

+ 4𝐴] ,
(A.1)

2
𝑏
𝑎
𝑑2

∗
∗
𝐿 𝑇  =
[(𝑒
−
2𝑇
)
(
)
−
𝑐
−
ℎ𝑇
𝑑𝑇2 𝑇∗ 4𝑒𝑇∗ 2
𝑏
2
𝑎
+ 𝑇∗ (𝑒 − 𝑇∗ ) × (−2ℎ) ( − 𝑐 − ℎ𝑇∗ )
𝑏
2
𝑎
−𝑏 ∗ 𝑎
− (𝑒 − 𝑇∗ ) ( − 𝑐 − ℎ𝑇∗ ) ] =
𝑇 ( −𝑐
𝑏
𝑏
4𝑒𝑇∗ 2

𝑎
− ℎ𝑇∗ ) [( − 𝑐 − ℎ𝑇∗ ) + (𝑒 − 𝑇∗ ) ⋅ 2ℎ]
𝑏
=

𝑎
−𝑏 ∗ 𝑎
𝑇 ( − 𝑐 − ℎ𝑇∗ ) ( − 𝑐 + 2𝑒ℎ
2
∗
𝑏
𝑏
4𝑒𝑇

− 3ℎ𝑇∗ ) =

−𝑏 ∗ 𝑎
𝑇 ( − 𝑐 − ℎ𝑇∗ )
𝑏
4𝑒𝑇∗ 2

𝑎
⋅ [( − 𝑐 − ℎ𝑇∗ ) + 2ℎ (𝑒 − 𝑇∗ )]
𝑏
≤ 0.

B. Derivation Process of 𝑇∗ (𝑒) in Section 4.2
In (23), because 𝑇∗ varies according to 𝑒, 𝑇∗ is labeled as
𝑇∗ (𝑒). Partially differentiating 𝑒 with (23) yields the following
formula:
2
𝑎

0 = 𝑇∗ (1 − 𝑇∗ (𝑒)) ( − 𝑐 − ℎ𝑇∗ ) + (𝑒 − 𝑇∗ )
𝑏


⋅ 𝑇∗ (𝑒)
2
𝑎
𝑎
⋅ [( − 𝑐 − ℎ𝑇∗ ) − 2ℎ𝑇∗ ( − 𝑐 − ℎ𝑇∗ )]
𝑏
𝑏

∗

−

𝑇
2
𝑎
𝑏
1
−
𝑡)
×
(
[∫
𝑑𝑡 − 𝐴]
−
𝑐
−
ℎ𝑡)
(𝑒
2
𝑏
𝑇∗
0 4𝑒

=

2
𝑎
𝑏
[𝑇∗ (𝑒 − 𝑇∗ ) ( − 𝑐 − ℎ𝑇∗ )
2
∗
𝑏
4𝑒𝑇

(A.2)

2
𝑎

− (𝑒 − 𝑇∗ ) ( − 𝑐 − ℎ𝑇∗ ) 𝑇∗ (𝑒)
𝑏

−∫

𝑇∗

0

2
𝑎
4𝐴
( − 𝑐 − ℎ𝑡) 𝑑𝑡 +
, ∀𝑒.
𝑏
𝑏

(B.1)
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Thus
𝑇∗

2

4𝐴/𝑏 − ∫0 [(𝑎/𝑏 − 𝑐 − ℎ𝑡)2 − (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) ] 𝑑𝑡
𝜕𝑇∗

;
= 𝑇∗ (𝑒) = ∗
𝜕𝑒
𝑇 (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) [(𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) + 2ℎ (𝑒 − 𝑇∗ )]
𝑇∗

=

2

∫0 [(1 − 𝑡/𝑒) (𝑎/𝑏 − 𝑐 − ℎ𝑡)2 − (1 − 𝑇∗ /𝑒) (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) ] 𝑑𝑡
𝑇∗ (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) [(𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) + 2ℎ (𝑒 − 𝑇∗ )]
𝑇∗

−
=

using (23)

𝑇∗

2

∫0 [(𝑎/𝑏 − 𝑐 − ℎ𝑡)2 − (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) ] 𝑑𝑡

𝑇∗ (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) [(𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) + 2ℎ (𝑒 − 𝑇∗ )]

2

𝑇∗ (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) [(𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) + 2ℎ (𝑒 − 𝑇∗ )]

𝑇 (𝑎/𝑏 − 𝑐 − ℎ𝑇 )
(𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) [(𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) + 2ℎ (𝑒 − 𝑇∗ )]
3

−
=

(B.2)

∗ 2

∗2

𝑒𝑇∗

=

(1/𝑒) ∫0 [𝑇∗ (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) − 𝑡 (𝑎/𝑏 − 𝑐 − ℎ𝑡)2 ] 𝑑𝑡

4

[(1/3ℎ) (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) − (1/12ℎ2 ) (𝑎/𝑏 − 𝑐)4 + (1/12ℎ2 ) (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) ]
𝑒𝑇∗ (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) [(𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) + 2ℎ (𝑒 − 𝑇∗ )]

2
1 𝑎
𝑎/𝑏 − 𝑐 − ℎ𝑇∗
𝑎/𝑏 − 𝑐 − ℎ𝑇∗
(𝑎/𝑏 − 𝑐)4
.
( − 𝑐 − ℎ𝑇∗ ) (6𝑇∗ +
) × (2𝑇∗ −
)+
12 𝑏
ℎ
ℎ
12ℎ2

C. Derivation Process of 𝑇∗ (ℎ) in Section 4.3

2
𝑎
𝑎
2
− (𝑒 − 𝑇∗ ) ( − 𝑐 − ℎ𝑇∗ ) ] − 2𝑇∗ (𝑒 − 𝑇∗ ) (
𝑏
𝑏

By partially differentiating ℎ with (23), the following formula
is obtained (see Appendix B for details):

− 𝑐 − ℎ𝑇 ) + 2 ∫

0

2
𝑎


0 = (𝑒𝑇∗ (ℎ) − 2𝑇∗ 𝑇∗ (ℎ)) ( − 𝑐 − ℎ𝑇∗ )
𝑏

𝑎
2
− 2ℎ𝑇∗ (𝑒 − 𝑇∗ ) ( − 𝑐 − ℎ𝑇∗ )] − 2𝑇∗ × (𝑒
𝑏

2

𝑎

− 𝑇∗ ) − (𝑒 − 𝑇∗ ) ( − 𝑐 − ℎ𝑇∗ ) 𝑇∗ (ℎ)
𝑏
−∫

𝑇

0

𝑎
𝑡 (𝑒 − 𝑡) ( − 𝑐 − ℎ𝑡) 𝑑𝑡
𝑏

2
𝑎

= 𝑇∗ (ℎ) [−𝑇∗ ( − 𝑐 − ℎ𝑇∗ )
𝑏

𝑎

+ 𝑇∗ (𝑒 − 𝑇∗ ) ⋅ 2 ( − 𝑐 − ℎ𝑇∗ ) × (−ℎ𝑇∗ (ℎ)
𝑏

∗
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∗

𝑎
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∗

𝑎
𝑡 (𝑒 − 𝑡) ( − 𝑐 − ℎ𝑡) 𝑑𝑡,
𝑏

∀ℎ.
(C.1)

𝑎
− 2ℎ𝑇∗ (𝑒 − 𝑇∗ ) ( − 𝑐 − ℎ𝑇∗ )
𝑏

Thus

𝑇∗



𝑇∗ (ℎ) =

−2 ∫0 [𝑇∗ (𝑒 − 𝑇∗ ) (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) − 𝑡 (𝑒 − 𝑡) (𝑎/𝑏 − 𝑐 − ℎ𝑡)] 𝑑𝑡
𝑇∗ (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ )2 + 2𝑇∗ (𝑒 − 𝑇∗ ) (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ )
2

=

−2 [𝑇∗ (𝑒 − 𝑇∗ ) (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ )]

(C.2)

𝑇∗ (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ )2 + 2𝑇∗ (𝑒 − 𝑇∗ ) (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ )
2

+

3

3

4

2 [(𝑎/𝑏 − 𝑐 − ℎ𝑇∗ ) (𝑒𝑇∗ /2 − 𝑇∗ /3) − ℎ (𝑒𝑇∗ /6 − 𝑇∗ /12)]
𝑇∗ (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ )2 + 2𝑇∗ (𝑒 − 𝑇∗ ) (𝑎/𝑏 − 𝑐 − ℎ𝑇∗ )

(verified using Figure 3 and referencing (32) and (33)).
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b

a
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Figure 3: Effect of the increase in ℎ on 𝑇∗ .
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Figure 4: Effect of changes in 𝑐 on 𝑇∗ .

D. Derivation Process of 𝑇∗ (𝑐) in Section 4.4

𝑎

− ℎ𝑡)] 𝑑𝑡 = 𝑇∗ (𝑐) [−2ℎ𝑇∗ (𝑒 − 𝑇∗ ) ( − 𝑐
𝑏

In (23), because 𝑇∗ varies according to 𝑐, 𝑇∗ is labeled as
𝑇∗ (𝑐). Partially differentiating 𝑐 with (23) yields the following
formula:

2
𝑎
− ℎ𝑇∗ ) − 𝑇∗ ( − 𝑐 − ℎ𝑇∗ )
𝑏

𝑎
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Thus
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.

(D.2)
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